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MRI  PROJECT  NO.  4274-B 
CONTRACT  NO.  DAMD-17-76-C6066 


SPECIES  DIFFERENCES  IN  THE  DISPOSITION  AND  METABOLISM 
OF  2,4,6-TRINITROTOLUENE  AS  A  FUNCTION 
OF  ROUTE  OF  ADMINISTRATION 


EXECUTIVE  SUMMARY 


The  disposition  (absorption,  tissue  distribution, 
and  excretion)  and  metabolism  of  2,4,6-trinitrotoluene 
(TNT,  I)  were  studied  in  rats,  mice,  rabbits,  and  dogs 
after  oral,  dermal,  or  intratracheal  administration  of 
single  doses  of  the  ring-14C-labeled  compound.  The  pri¬ 
mary  objective  of  these  studies  was  to  determine  the 
species  differences,  if  any,  in  the  metabolic  fate  of 
TNT  as  a  function  of  route  of  administration  for  possible 
use  as  a  rationale  for  selecting  an  appropriate  species, 
sex,  and  route  of  exposure  for  subsequent  chronic  studies. 
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(I)  TNT 


Specifically, 


the  intent  was  to  evaluate  the  metabolic  behavior  of  TNT  after  oral,  inhala 


tion,  and  dermal  exposures  in  order  to  establish  if  oral  exposure  could  be 


used  in  lieu  of  other  routes  in  any  subsequent  carcinogenicity  studies. 
Since  TNT  aerosols  prepared  using  methods  reported  herein  were  not  adequate 


for  inhalation  exposure,  the  intratracheal  instillation  method  was  used  in 


an  attempt  to  simulate  pulmonary  absorption  of  the  test  chemical. 


TNT  administered  orally  to  rats,  mice,  rabbits,  and  dogs  was  read 
ily  absorbed  and  excreted  mainly  in  urine  and  to  a  lesser  extent  in  feces. 
Major  portions  of  the  administered  doses  were  recovered  in  the  GI  tracts 
(Table  A).  Urine  of  rats  and  mice,  but  not  of  rabbits  and  dogs,  was  bright 
red  in  color.  The  extent  of  absorption  could  not  be  accurately  assessed 
from  these  studies  since  radioactivity  recovered  in  the  feces  and  GI  tracts 
represents  a  balance  between  absorption,  biliary  excretion,  and  intestinal 
reabsorption.  At  24  hr,  blood  and  tissue  of  dogs  contained  higher  radio¬ 
activity  (percent  of  dose)  than  did  blood  and  tissue  of  rats,  mice,  and 
rabbits.  Generally,  higher  14C  levels  were  recovered  in  blood  and  tissue 
of  female  animals.  Blood,  liver,  kidneys,  and  occasionally  spleen  and  lung 
contained  high  levels  of  radioactivity;  rabbit  lung  tissue  contained  9  to 
14  times  higher  14C  levels  than  did  blood.  Other  tissues,  including  brain 
and  muscle,  contained  detectable  levels  of  radioactivity. 
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TABLE  A 


RECOVERY  OF  RADIOACTIVITY  (PERCENT  OF  DOSE)  AT  24  HR 
AFTER  ORAL  ADMINISTRATION  OF  14C-TNT 


Rats 


Mice 


Rabbits 


Dog-s 


Male 

Female 

Urine 

52.72 

64 . 55 

Feces 

8.05 

2.06 

GI  Tract 

29.76 

33.94 

Blood 

0.20 

0.29 

Tissue 

0.89 

1.59 

Recovery 

91.62 

102.43 

Male 

Female 

Male 

41.91 

42.87 

66.30 

22.01 

8.96 

1.78 

13.45 

7.42 

7.50 

0.90 

0.07 

0.28 

2. 18 

1.11 

1.80 

80.06 

60.44 

77.65 

Female 

Male 

Female 

78.86 

55.92 

60.16 

1.83 

5.41 

16.80 

4.72 

10.00 

4.40 

0.44 

1.38 

1.96 

3.10 

4.64 

4 . 96 

88.94 

77.35 

88.26 

Following  dermal  application,  TNT  was  absorbed  by  the  four  species 
studied.  Absorption  was  highest  in  rabbits  followed  by  mice,  rats,  and  dogs 
(Table  B) .  Most  of  the  TNT  absorbed  was  eliminated  in  urine.  Radioactivity 
was  also  recovered  in  the  feces  and  GI  tracts  indicating  probable  excretion 
via  bile.  Total  urinary  and  fecal  excretion  at  24  hr  following  dermal  ap¬ 
plication  was  less  than  after  oral  administration  of  the  same  dose.  As  with 
the  oral  dosing,  urine  of  dermally  dosed  rats  and  mice  was  bright  red. 
Residual  radioactivity  was  higher  in  fat  of  all  species  following  dermal 
application  than  after  oral  dosing.  Radioactivity  was  also  highly  concen¬ 
trated  in  residual  bile  and  liver  after  both  dermal  and  oral  exposure.  In 
rabbits  and  dogs,  absorption  and  excretion  of  TNT  appeared  similar  at  both 
dose  levels  studied  (5  and  50  mg/kg)  although  in  dogs,  blood  content  (per¬ 
cent  of  dose)  was  higher  after  the  high  dose  of  TNT. 


TABLE  B 

RECOVERY  OF  RADIOACTIVITY  (PERCENT  OF  DOSE)  AT  24  HR 
AFTER  ORAL  OR  DERMAL  TREATMENT  WITH  14C-TNT 


Rats 

Mice 

Rabbits 

Dog 

s 

Oral 

Dermal 

Oral 

Dermal 

Oral 

Dermal 

Oral 

Dermal 

Urine 

59.54 

17.35 

59.05 

22.68 

68.07 

52.85 

70.50 

11.73 

Feces 

10.72 

1.32 

24.07 

14.17 

5.45 

7.80 

9.00 

1.71 

GI  Tract 

20.24 

3.11 

10.19 

3.61 

19.74 

5.76 

14.63 

1.68 

Blood 

0.25 

0.23 

0.17 

0.17 

0.40 

0.26 

1.11 

0.26 

T issue 

1.44 

0.68 

0.9; 

1.04 

1.91 

1.59 

4.15 

1.42 

Recovery 

92. 19 

22.76 

94 . 39 

41.69 

95.57 

68.26 

99.39 

16.81 
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Extensive  absorption  was  demonstrated  when  a  suspension  of  14C-TNT 
was  instilled  intratracheally  into  rats.  Radioactivity  appeared  in  the  blood 
quickly  and  decreased  slowly  during  a  4-hr  period.  Blood  *4C  levels  were 
higher  and  the  urinary  excretion  levels  were  greater  in  these  rats  than  in 
rats  treated  orally  under  the  same  conditions  (Table  C) .  In  bile  duct- 
cannulated  rats,  large  amounts  of  radioactivity  were  excreted  in  the  bile, 
urine,  and  the  GI  tract.  Urinary  and  biliary  excretion  rates  were  also 
higher  in  these  rats  than  in  rats  treated  orally.  Enterohepatic  circulation 
of  TNT  and  its  metabolites  (excretion  in  bile  followed  by  absorption  and 
reexcretion  in  urine  or  feces)  seemed  to  occur.  The  urine  of  rats  from  both 
routes  of  administration  was  bright  red.  At  4  hr,  residual  radioactivity 
in  most  tissues  was  higher  after  intratracheal  instillation  than  after  oral 
administration.  After  both  routes  of  administration,  fat  contained  the  high¬ 
est  content  of  radioactivity,  and  lung  tissue  had  higher  14C  concentrations 
than  did  blood  or  liver.  Levels  of  14C  in  blood  and  tissues  of  female  rats 
were  about  two  times  higher  than  in  the  males. 


TABLE  C 

RECOVERY  OF  RADIOACTIVITY  (PERCENT  OF  DOSE)  AT  4  HR  AFTER 
ORAL  OR  INTRATRACHEAL  ADMINISTRATION  OF  l4C-TNT 


Intact  Rats  Bile  Duct-Cannulated  Rats 


Oral 

Intratracheal 

Oral 

Intratracheal 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

Urine 

14.63 

10.01 

19.32 

13.23 

10.73 

8.42 

17.50 

12.68 

Bile 

- 

- 

- 

- 

11.57 

9.67 

19.75 

14.51 

GI  Tract 

73.70 

79.02 

18.24 

12.06 

68.29 

64.22 

1.79 

2.92 

Blood 

1.34 

2.78 

2.24 

4.29 

1.34 

2.78 

2.24 

4.29 

Tissue 

3.60 

6.12 

5.80 

10.58 

3.60 

6.12 

5.80 

10.58 

Recovery 

93.27 

97.93 

45.60 

40.16 

95.53 

91.21 

47.06 

44.98 

Because 

of  the 

presence 

of  four 

functional 

groups 

on  the  TNT  mole- 

cule,  a  variety  of  metabolites  resulting  from  oxidation,  reduction,  and  con¬ 
jugation  could  be  formed.  Simultaneous  oxidation  and  reduction  followed  by 
conjugation  is  also  a  possibility.  Most  TNT  metabolic  products  in  urine 
and  bile  are  highly  polar  with  very  low  extractability  in  organic  solvents 
(ether  and  ethyl  acetate).  Mild  acidification  (dilute  HC1)  before  ethyl 
acetate  extraction  proved  essential  for  increased  recovery.  A  method  was 
developed  for  the  fractionation  of  the  radioactive  urinary  metabolites  into 
subgroups  according  to  their  solubilities  in  ether  under  different  pH  condi¬ 
tions.  Metabolites  were  separated  by  thin-layer  chromatography  (TLC).  The 
use  of  gas-liquid  chromatography  (GLC)  and  high  performance  liquid  chroma¬ 
tography  (HPLC)  was  discontinued  after  it  was  apparent  that  neither  tech¬ 
nique  offered  added  advantages  in  the  separation  of  TNT  metabolites.  Ten¬ 
tative  identification  of  metabolites  was  carried  out  by  comparing  solubility 
characteristics,  reactions  with  specific  spraying  reagents,  and  R^  values 
of  the  metabolites  with  those  of  standard  reference  compounds. 


3 


TNT  was  metabolized  extensively  in  all  species  examined,  whether 
treatment  was  oral,  dermal,  or  intratracheal.  Large  portions  of  the  products 
were  conjugated  with  glucuronic  acid,  but  no  conjugation  with  sulfuric  acid 
was  detected.  Other  conjugates  or  inorganic  salts  of  TNT  metabolites  were 
probably  present.  Most  of  the  metabolic  products  were  reduction  derivatives, 
including  the  2-  and  4-hydroxylamines ,  the  2-  and  4-monoaminodinitro  and 
the  2,6-  and  4,6-diaminomononitro  derivatives.  The  trinitrobenzyl  alcohol 
and  the  trinitrobenzoic  acid  seemed  to  be  present,  but  confirmation  was  not 
possible.  The  parent  compound,  TNT,  was  demonstrated  in  the  urine  of  some 
species  in  only  minute  quantities.  The  mild  extraction  procedures  used  mini¬ 
mized  the  alterations  of  the  hydroxylamines  to  the  azoxytoluene ,  but  some 
of  the  latter  was  present,  especially  after  fractionation  of  the  urinary 
products  in  the  presence  of  NaOH.  Other  products  of  TNT  metabolism  remain 
unidentified. 

The  metabolic  profiles  of  urine  from  rats,  mice,  and  dogs  differed 
only  quantitatively.  Urine  of  rats  contained  larger  amounts  of  the  4,6- 
diamine  and,  to  a  lesser  extent,  the  2,6-diamine  and  either  or  both  of  the 
2-  or  6-monoamines.  The  2-  and  4-hydroxylamines  and  some  azoxytoluene 
(probably  formed  during  fractionation)  were  present  in  small  quantities. 

The  presence  of  appreciable  amounts  of  the  trinitrobenzyl  alcohol  and  tri¬ 
nitrobenzoic  acid  was  suggested  by  comparison  with  authentic  samples. 
Metabolic  profiles  of  urine  from  male  and  female  rats  showed  no  significant 
differences.  The  amounts  of  glucuronides  in  urine  collected  from  bile  duct- 
cannulated  rats  were  lower  than  those  collected  from  noncannulated  rats. 

In  addition,  the  4-hr  urine  contained  more  of  the  polar  metabolites  and  more 
parent  TNT. 

Compared  to  rat  urine,  mouse  urine  contained  smaller  quantities 
of  the  polar  metabolites  and  the  diamines  and  more  of  the  monoamines  and 
hydroxylamines.  Mouse  urine  also  contained  considerable  amounts  of  the 
trinitrobenzyl  alcohol  and  trinitrobenzoic  acid.  The  metabolic  profiles  of 
dog  urine  contained  appreciable  amounts  of  diamines  and  monoamines  and  prob¬ 
ably  the  trinitrobenzyl  alcohol  and  the  trinitrobenzoic  acid.  Only  traces 
of  the  4-hydroxylamine ,  the  2-hydroxylamine ,  and  some  azoxytoluene  (which 
seemed  to  be  formed  during  fractionation)  were  present.  Rabbit  urine  showed 
an  unique  profile  which  differed  quantitatively,  and  probably  qualitatively, 
from  that  of  rats,  mice,  and  dogs.  The  presence  of  larger  quantities  of 
monoamines  and  hydroxylamines  was  demonstrated.  In  addition,  it  contained 
either  or  both  of  the  diamines,  trinitrobenzyl  alcohol,  and  trinitrobenzoic 
acid.  TNT  and  the  azoxytoluene  were  absent  from  fresh  urine,  but  some  of 
the  latter  was  formed  during  fractionation  in  the  presence  of  NaOH. 

Major  quantitative  differences  were  demonstrated  in  the  urinary 
metabolic  profiles  of  orally  versus  intratracheally  treated  rats.  On  the 
other  hand,  the  differences  between  urine  profiles  obtained  from  orally  and 
dermally  treated  animals  were  minimal,  although  larger  amounts  of  TNT  were 
eliminated  after  dermal  application.  The  extractable  radioactivi ty  increased 
considerably  after  (S-glucuronidase  hydrolysis  of  urine  from  different  species 
following  different  routes  of  administration.  However,  major  changes  in 
the  metabolic  profiles  were  not  apparent. 
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I .  INTRODUCTION 


Under  Contract  No.  DAMD- 17- 76-06066 ,  entitled  "Evaluation  of 
Differences  in  Mammalian  Metabolism  of  Trinitrotoluene  (TNT)  as  a  Function 
of  Route  of  Administration  and  Carcinogenic  Testing,"  MRI  conducted  experi¬ 
mental  studies  to  achieve  the  following  objectives: 

1.  Develop  a  suitable  method  for  the  generation  of  an  aerosol  of 
TNT  in  sufficient  concentrations  for  metabolic  studies. 

2.  Determine  the  disposition  (absorption,  tissue  distribution 
and  excretion)  of  TNT  in  four  animal  species  (rat,  mouse,  rabbit,  and  dog) 
after  oral,  dermal,  and  intratracheal  administration. 

3.  Develop  suitable  methods  for  the  characterization  of  the 
metabolic  products  of  TNT  in  the  urine  of  these  species. 

The  primary  objective  of  these  studies  was  to  develop  a  data  base 
for  selecting  an  appropriate  animal  model  for  subsequent  chronic  studies 
and  to  determine  whether  oral  administration  could  be  used  as  an  alternative 
to  other  (e.g.,  dermal  and  inhalation)  routes  in  any  future  carcinogenicity 
studies . 


The  initial  approach  was  to  compare  the  absorption,  distribution, 
metabolism,  and  elimination  of  TNT  in  several  species  following  oral  and 
inhalation  exposures.  Initial  efforts  were  directed  to  procurement  or  syn¬ 
thesis  of  some  potential  metabolites,  development  of  methods  to  separate 
and  identify  these  metabolites,  the  conduct  of  oral  dosing  studies,  and  the 
evaluation  of  methods  to  produce  aerosols  applicable  for  inhalation  exposures. 
Efforts  to  generate  satisfactory  TNT  aerosols  in  concentrations  which  are 
suitable  for  metabolic  studies  were  not  successful;  and  following  discussions 
with  the  project  officer,  intratracheal  instillation  to  simulate  inhalation 
exposure  was  substituted.  Dermal  exposure  studies  were  subsequently  incorpor¬ 
ated  into  the  project.  The  research  efforts  thereafter  were  directed  to 
disposition  and  metabolic  studies  following  oral,  dermal,  or  intratracheal 
administration  of  TNT  using  rats,  mice,  rabbits,  and  dogs. 
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1 1 .  BACKGROUND 


A.  Production  and  Use 

2,4,6-Trinitrotoluene  (TNT)  was  first  synthesized  by  Wilbrand  in 
1863,  but  it  was  not  prepared  on  an  industrial  scale  until  1891.  A  few  years 
later,  it  found  wide  application  as  an  explosive  for  shells,  bombs,  and 
grenades.1  Millions  of  tons  of  TNT  were  produced  during  World  Wars  I  and 
II.  In  1973,  an  estimated  200,000  tons  were  manufactured  in  the  U.S.  Army 
ammunition  plants.2  TNT  is  the  most  widely  used  military  explosive  because 
of  its  low  melting  point,  comparative  safety  during  manufacture,  and  stabil¬ 
ity  during  transporation  and  storage.3’4  It  is  also  used  as  an  intermediate 
in  the  synthesis  of  dyes  and  photographic  chemicals. 


B .  Human  Toxicity 

The  manufacture  of  TNT  creates  fumes  of  TNT  and  other  decomposi¬ 
tion  products.  Some  workers  exposed  to  TNT  by  breathing  the  fumes  or  by 
skin  contact  have  experienced  harmful  effects,  including  liver  malfunction5  7 
and  decreased  ability  of  the  bone  marrow  to  produce  blood  cells.8  12  TNT 
also  damages  the  heart,13  blood  vessels,14  kidney,15’16  and  pancreas,17  and 
probably  causes  cataracts.18  23  Exposure  to  TNT  decreases  the  oxygen-carrying 
capability  of  the  red  blood  cells  due  to  formation  of  methemoglobin24  and 
nitric  oxide  hemoglobin. 25  Hemolytic  anemia  has  been  reported  in  TNT  workers 
deficient  in  gl ucose-6-phosphate  dehydrogenase.26’27  Persons  poisoned  with 
TNT  have  urine  that  is  red  but  not  bloody.28  Deaths  have  been  mainly  attrib¬ 
uted  to  jaundice,  aplastic  anemia,  or  both.5’6  To  date,  no  carcinogenic 
effect  has  been  reported  among  munitions  workers  exposed  to  TNT.29 

During  World  War  I,  a  large  number  of  cases  of  toxic  jaundice  were 
reported  among  TNT  workers  in  the  United  States  and  Europe,  many  of  which 
ended  in  fatality.30  33  The  implementation  of  strict  hygiene  practices  dur¬ 
ing  World  War  II  resulted  in  a  dramatic  decrease  in  the  number  of  fatalities. 
Currently,  the  Occupational  Safety  and  Health  Administration  limits  expo¬ 
sure  to  TNT  to  1.5  mg/m3  in  air  (8-hr  time-weighted  average).  To  provide 
greater  protection  to  munition  workers,  the  U.S.  Army  has  lowered  its  ac¬ 
ceptable  TNT  exposure  levels  to  0.5  mg/m3  over  the  same  time  period. 


C .  An ima 1  Toxi ci ty 

Liver  and  blood  diseases  have  appeared  in  experimental  animals 
exposed  to  TNT.34  39  No  pulmonary  lesions  or  lung  neoplastic  effects  have 
been  demonstrated  in  guinea  pigs,  rats,  or  mice  exposed  to  TNT.29  However, 
after  6  months  of  topical  application  of  TNT  to  Wistar  rats,  bone  marrow 
cells  exhibited  chromatid  changes,  chromosomal  breaks,  and  dislocations, 
but  no  change  in  chromosomal  numbers.40  Studies  on  TNT  mutagenicity  using 
histidine-requiring  strains  of  Salmonella  typhi murium  (Ames  test  system) 
have  indicated  that  TNT  is  mutagenic.  However,  the  major  microbial  metab¬ 
olites  of  TNT  appear  to  be  nonmutageni c . 4 1 
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Experimental  animals  differ  in  susceptibility  to  TNT 
Cats  are  more  sensitive  than  rats,  rabbits,  dogs,  and  monkeys, 
suggested  that  these  differences  are  due,  at  least  in  part,  to 
in  the  fate  of  TNT  in  these  species.42  It  has  also  been  shown 
microorganisms  biodegrade  TNT:  Escherichia  coli  can  reduce  the 
to  the  respective  amines.43  43  Degradation  of  TNT  by  bacteria 
gives  TNT  wastewater  a  pink  or  red  color. 


toxicity. 

It  has  been 
differences 
that  various 
nitro  groups 
and  sunlight 


D.  Absorption 

TNT  may  enter  the  body  through  the  gastrointestinal  tract,  the 
skin,  or  the  lungs.46  48  It  is  believed  that  the  skin  is  the  chief  route 
of  absorption. 46  Voegtlin  et  al.47  have  demonstrated  that  in  humans,  skin 
absorption  takes  place  readily  through  the  hands,  neck,  and  face;  oily  skin 
and  sweat  favors  absorption. 43  Although  some  experiments  have  demonstrated 
that  TNT  is  absorbed  when  introduced  as  dust  in  the  lower  air  passages, 

Putnam  and  Herman46  suggested  that  intoxication  via  the  respiratory  tract 
rarely,  if  ever,  occurs. 

During  exposure  to  TNT,  the  powder  may  be  ingested  by  mouth  and 
gain  access  to  the  stomach.  TNT  workers  have  complained  about  a  bitter 
taste  in  their  mouth.  When  two  human  subjects  received  daily  doses  of  TNT 
for  four  successive  days,  a  portion  of  the  TNT  administered  was  recovered 
from  the  urine  in  the  form  of  the  reduced  metabolite,  2 ,6-dinitro-4-amino- 
toluene.50  Experimentally,  guinea  pigs  fed  oral  doses  of  TNT  with  milk 
developed  diarrhea,  and  poisoning  symptoms  were  apparent  for  3  to  14  days.51 

TNT  was  absorbed  through  the  skin  of  swine  as  indicated  by  the 
presence  of  the  reduced  metabolite,  2 ,6-dinitro-4-aminotoluene  in  urine.52 
Also,  Haythorn53  reported  that  guinea  pigs  and  rabbits  rubbed  repeatedly 
with  10%  TNT  in  lanolin  showed  liver  lesions  and  a  positive  Webster's  test 
(a  test  introduced  in  1916  by  Webster  which  has  been  used  to  detect  TNT 
metabolites  in  human  urine  in  cases  of  intoxication).  However,  when  Haythorn 
rubbed  TNT  powder  on  his  arm  for  several  consecutive  days,  he  could  not 
demonstrate  a  positive  Webster's  test  and  did  not  feel  any  ill  effects.53 
In  another  study,  TNT  was  rubbed  into  the  palms  of  two  human  subjects  and 
kept  under  rubber  gloves  for  8  hr.54  Traces  of  the  metabolite  2,6-dinitro- 
4-aminotoluene  were  found  in  the  urine  collected  during  and  after  the  expo¬ 
sure  to  TNT. 

Absorption  through  the  respiratory  system  has  also  been  examined 
by  Haythorn.53  When  guinea  pigs  were  exposed  to  fumes  of  volatilized  TNT 
for  30  days,  no  lesions  ascribed  to  TNT  were  observed,  but  the  animals  died 
from  the  heat  used  to  volatilize  TNT.  In  another  series  of  experiments, 

TNT  powder  was  introduced  into  the  lungs  of  experimental  animals,  but  no 
toxicity  developed.  This  led  Haythorn  to  conclude  that  the  lung  is  unimpor¬ 
tant  as  a  route  of  intoxication  from  TNT.  Later,  however,  Von  Oettingen 
et  al.,  demonstrated  that  75%  of  a  TNT  dose  administered  to  dogs  by  insuf¬ 
flation  was  absorbed  from  the  respiratory  tract.48 


7 


E.  Retention  and  Excretion 


Voegtlin  et  al.  believed  that  TNT  is  retained  in  the  body  for  a 
considerable  period  of  time,  as  indicated  by  the  progressive  anemia  after 
single  doses  of  TNT  and  by  the  slow  recovery  of  the  animals.47  However, 
when  Von  Oettingen  and  his  co-workers  administered  TNT  to  dogs  by  insuffla¬ 
tion  for  a  period  of  17  weeks,  significant  amounts  of  TNT  or  its  metabolite, 

2 , 6-dini t ro-4-aminotoluene ,  were  not  found  in  any  organ  or  tissue  examined 
at  the  end  of  the  study.48  These  authors  concluded  that  TNT  is  not  retained 
to  any  considerable  extent  in  these  organs.  However,  conclusions  from  these 
early  studies  regarding  storage  or  excretion  of  TNT  and  its  metabolites  are 
hampered  by  the  insensitivity  of  the  methods  used  to  examine  TNT  or  the  re¬ 
duced  metabolites,  aminotoluenes . 

Earlier  studies  suggested  that  the  urine  was  the  main  route  of 
excretion  for  TNT.  In  rats,  20%  of  a  single  oral  dose  of  TNT  was  excreted 
in  the  urine  as  diazotizable  aromatic  amino  compounds.55  Human  volunteers 
excreted  an  average  of  40%  of  small  oral  doses  of  TNT  as  aromatic  amino  com¬ 
pounds  in  the  urine.  In  other  experiments,  humans  receiving  TNT  excreted 
about  3%  of  the  ingested  dose  as  4-amino  and  2,4-diamino  products;  concentra¬ 
tion  of  these  metabolites  fell  almost  to  zero  within  24  hr  after  the  last 
dose.50  Although  it  was  suggested  that  TNT  was  excreted  in  bile,47  Haythorn 
could  not  obtain  a  positive  Webster's  test  in  the  feces  of  animals  given 
TNT  by  any  route  except  orally.53 

F.  Metabolism 

Since  the  beginning  of  this  century,  extensive  workhas  been  car¬ 
ried  out  to  isolate  and  identify  TNT  metabolites  in  animals56  58  and 
humans.55’57  Only  limited  success  has  been  achieved  because  of  the  diffi¬ 
culties  encountered  during  the  isolation  procedures.  Low  recovery  was 
encountered  when  urine  samples  were  extracted  with  ether.  Even  after  acid¬ 
ification  of  urine,  no  more  than  15%  of  the  administered  doses  were  recov¬ 
ered  in  ether.  The  use  of  strong  acid  or  base  should  be  avoided  since  this 
undoubtedly  causes  alterations  of  the  metabolites  during  the  extraction 
process.  2 ,6 ,2 ' ,6 ’ -Tetranitro-4,4 ' -azoxytoluene ,  which  was  reported  as  one 
of  the  TNT  metabolites  in  rabbit  and  human  urine,57  was  found  later  to  be 
an  artifact  that  was  formed  from  the  4-hydroxyl  amine  und;  .-  the  conditions 
of  the  isolation  procedure.  This  azoxytoluene  was  shown  to  be  absent  from 
freshly  voided  urine  of  rabbits  given  TNT.56 

TNT  metabolism  conceivably  may  involve  alterations  of  the  four 
functional  groups,  the  open  positions  on  the  benzene  ring,  or  scission  of 
this  ring.  Ring  cleavage  rarely  occurs  and  probably  plays  little,  if  any, 
role  in  the  metabolism  of  TNT.  However,  a  variety  of  other  metabolic  prod¬ 
ucts  could  be  formed.  These  may  result  from  oxidation  of  the  methyl  group 
to  alcohol,  aldehyde,  or  acid;  oxidation  of  the  benzene  nucleus  to  phenols; 
reduction  of  one  or  more  of  the  nitro  groups  to  hydroxylamino  or  amino  com¬ 
pounds  with  the  possibility  of  coupling  of  some  of  these  metabolites;  and 
conjugation  of  one  or  more  of  the  resulting  products  (alcohols,  acids, 
amines,  hydroxylamines ,  etc.)  to  yield  glucuroni des ,  ethereal  sulfates. 
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substituted  hippuric  acid,  or  glutathione  conjugates.  Simultaneous  oxidation 
and  reduction  followed  by  conjugation  is  also  a  possibility.  These  hypothet¬ 
ical  pathways,  which  are  shown  in  Figure  1,  illustrate  the  complexity  of 
the  metabolism  of  TNT.  The  problem  of  metabolite  identification  is  compli¬ 
cated  by  the  similar  solubility  characteristics  possessed  by  these  compounds 
of  such  closely  related  chemical  structure. 

Earlier  studies  have  shown  that  the  reduction  products,  4-amino- 
2 ,6-dinitrotoluene  and  2,6,2' ,6' -tetranitro-4,4' -azoxytoluene ,  are  excreted 
in  the  urine  of  workers  exposed  to  TNT.42’57  Reduction  of  a  single  nitro 
group  of  TNT  was  also  shown  to  occur  in  experimental  animals  leading  to  the 
formation  of  4-amino-  and  6-amino-dinitrotoluenes . 56  Channon  et  al.56  postu¬ 
lated  that  the  first  step  in  the  reduction  of  the  nitro  group  is  the  produc¬ 
tion  of  a  hydroxylamine  derivative.  The  4-hydroxylamino-2,6-dinitrotoluene 
was  isolated  as  an  aldoxime  after  reaction  with  benzaldehyde;  the  isomer 
2-hydroxylamino-4,6-dinitrotoluene  was  not  isolated,  but  the  isolation  of 
the  reduction  product  2-amino-4,6-dinitrotoluene  led  to  the  conclusion  that 
the  2-hydroxylamine  is  a  step  in  its  formation. 

The  isolation  of  hydroxylamine  is  of  interest  since  Wyon  found 
the  hydroxylamine  derivatives  to  be  more  toxic  than  the  parent  TNT.59  The 
hydroxylamine  is  a  powerful  methemoglobin  producer  in  vitro,  while  TNT  it¬ 
self  is  only  a  weak  producer  of  methemoglobin. 59  In  addition,  the  forma¬ 
tion  of  a  hydroxylamine  is  implicated  in  the  carcinogenicity  responses 
induced  by  several  carcinogenic  amino  and  nitro  compounds.69  Only  1%  of 
the  TNT  dose  was  accounted  for  as  hydroxylamine. 56  This,  however,  seems  to 
be  less  than  the  actual  amount  present  because  of  the  extreme  ease  of  conver¬ 
sion  to  the  azoxy  derivative. 

Oxidation  of  the  methyl  group  of  TNT  may  result  in  the  formation 
of  alcohol  or  acid.  These  oxidation  processes  are  hypothetical  and  are  based 
on  some  indirect  evidence  obtained  from  the  studies  of  Channon  et  al.56 
Rabbits  excreted  some  TNT  metabolites  as  glucuronides ,  which  were  believed 
to  arise  from  oxidation  products  of  TNT  such  as  trinitrobenzyl  alcohol. 
However,  the  possibility  of  glucuronide  conjugation  with  the  amino  or 
hydroxylamino  derivatives  was  not  considered.  The  suggestion  that  nitro- 
phenylenediamine  is  excreted  in  rat  urine  also  indicates  that  this  oxida¬ 
tive  pathway  may  be  operative.55  The  loss  of  the  methyl  group  could  prob¬ 
ably  occur  by  oxidation  of  TNT  to  the  alcohol,  then  the  acid,  followed  by 
decarboxylation  and  reduction  of  the  nitro  group.61  Aminonitrocresol  is 
another  oxidation  product  whose  presence  in  rat  urine  was  suggested.  The 
mechanism  of  its  formation  is  not  known. 

Early  studies  have  suggested  that  urine  from  TNT  workers  contained 
the  same  metabolites  reported  in  rabbit  urine,  namely  4-hydroxylamino-2 ,6- 
dinitrotoluene  ,  4-amino-2,6-dinitrotoluene,  and  2-amino-4,6-dinitrotoluene. 56 
Rat  urine  contained,  in  addition  to  the  monoamines,  2 ,4-diamino-6-nitrotoluene 
.  and  probably  5-nitrophenylenediamine . 55  On  the  other  hand,  Snyder58  was 

unable  to  demonstrate  the  presence  of  TNT,  its  oxidation  products  (alcohol, 
i  aldehyde,  or  acid),  or  its  reduction  products  (diamino-  and  triaminotoluenes) 

in  the  urine  of  dogs  which  received  TNT  orally. 
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Glucuronide  conjugation  appears  to  play  an  important  role  in  the 
metabolism  of  TNT.  Other  conjugates  and  probably  inorganic  salts  may  also 
be  formed.  Channon  et  al.56  found  that,  even  after  acidification  of  rabbit 
urine,  no  more  than  15%  of  the  administered  dose  was  excreted  as  compounds 
soluble  in  ether.  The  ether  extracts  contained  metabolites  excreted  in  an 
unconjugated  form  and  possibly  small  amounts  of  acetylated  amino  derivatives. 
The  remainder  of  the  doses  administered  were  probably  eliminated  as  conju¬ 
gates,  e.g.,  glucuronides  and  sulfates.  The  excretion  of  compounds  in  com¬ 
bination  with  glucuronic  acid  was  suggested  based  on  an  increase  in  glucuro¬ 
nides  in  urine  after  TNT  dosing. 

In  vitro  experiments  suggested  that  the  liver  is  a  major  site  for 
TNT  biotransformation. 62  Studies  using  liver,  muscle,  and  heart  preparations 
showed  that  TNT  was  reduced  by  liver  homogenates  to  4-amino-2 ,6-dinitrotoluene . 
The  rate  of  reduction  was  more  rapid  under  anaerobic  conditions.  TNT  metab¬ 
olism  occurred  in  a  system  containing  reduced  nicotinamide  dinucleotide  (NADH) 
and  a  purified  flavoprotein.  It  was  also  suggested  that  TNT  was  reduced  to 
hydroxylamines  by  xanthine  oxidase. 
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III.  MATERIALS 


A.  Animals 


The  adult  male  and  female  animals  used  in  these  studies  were  ob¬ 
tained  from  commercial  suppliers.  Swiss  albino  CDX®  mice  (20  to  30  g)  and 
Sprague-Dawley  CD®  rats  (200  to  300  g)  were  purchased  from  Charles  River 
Breeding  Laboratories  (North  Wilmington,  Massachusetts).  New  Zealand  rabbits 
(3  to  4  kg)  were  purchased  from  Small  Stock  Industries  (Pea  Ridge,  Arkansas). 
Beagle  dogs  (8  to  14  kg)  were  purchased  from  Hazleton  Research  Animals 
(Cumberland,  Virginia).  All  animals  were  kept  for  at  least  1  week  prior  to 
dosing  in  temperature-controlled  (74  ±  2°F)  and  humidity-controlled  (40  to 
60%)  rooms  maintained  on  a  12-hr  light  and  dark  cycle.  Diet  consisted  of 
commercially  available  rodent,  rabbit,  and  dog  chow. 


B.  Chemicals 

1.  Test  compound:  Military  grade  2,4,6-trinitrotoluene  (TNT) 
was  supplied  by  Mr.  Ralph  Hauze  of  the  Volunteer  Army  Ammunition  Plant 
(Chattanooga,  Tennessee).  Gas-liquid  chromatography  (GLC)  analyses  indi¬ 
cated  that  the  test  compound  contained  99.82%  TNT  and  0.18%  2,4-dinitro- 
toluene  (DNT) . 

Radiolabeled  TNT-(ring-UL-14C)  with  specific  activity  of  19.76 
pCi/mg  was  purchased  from  Pathfinder  Laboratories  (St.  Louis,  Missouri). 

The  radiochemical  purity  was  found  to  be  greater  than  98%  as  determined  by 
thin-layer  chromatography  (TLC) . 

2.  Reference  standards:  Reference  standards  of  some  potential 
TNT  metabolites  were  purchased  from  K&K  Laboratories  (Plainview,  New  York), 
synthesized  in  MRI  laboratories,  or  obtained  from  Dr.  N.  E.  Burlinson  of 
Naval  Surface  Weapons  Center  (NSWC,  White  Oak,  Silver  Spring,  Maryland). 

These  standards  are  shown  below. 

The  dinitrohydroxylaminotoluenes  were  prepared  by  reduction  of 
TNT  with  a  mixture  of  ammonium  hydroxide  and  hydrogen  sulfide  according  to 
the  method  of  Elvove.63  Examination  of  the  product  by  TLC  revealed  a  mix¬ 
ture  of  two  major  products.  Attempts  to  separate  these  products  by  gravity 
column  chromatography,  using  silica  gel  with  various  solvents,  were  unsuccess¬ 
ful.  The  mixture  was  resolved  by  the  use  of  high  performance  liquid  chro¬ 
matography  (HPLC)  on  a  Woelm  silica  gel  column.  Elution  with  25%  petroleum 
ether  in  methylene  chloride  gave  a  yellow  solid,  m.p.  169-170°C.  TLC  on 
silica  gel  G  using  chloroform  as  the  developing  solvent  gave  a  single  spot 
with  an  R^  of  0.7.  Further  elution  with  methylene  chloride  gave  a  second 
solid,  m.p.  148-149°C  (R^  =  0.5  in  the  same  system).  Spectral  analysis  of 
the  two  products  by  nuclear  magnetic  resonance  confirmed  that  both  were 
dinitrohydroxylaminotoluenes,  but  the  location  of  the  hydroxylamine  group 
\  in  each  was  uncertain.  TLC  comparison  with  authentic  samples  of  the  two 

l  '  hydroxylamines  obtained  from  Dr.  N.  E.  Burlinson  of  NSWC  indicated  that  the 

l  product  with  m.p.  148-149°C  was  2 , 6-dinitro-4-hydroxylaminotoluene  and  the 

l  compound  with  m.p.  169-170°C  was  2 ,4-dinitro-6-hydroxylaminotoluene . 
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Standard 

Ri 

R 4 

Rfi 

1 . 

Trinitrotoluene  (TNT) 

ch3 

no2 

no2 

no2 

2. 

Trinitrobenzyl  alcohol 

ch2oh 

no2 

CM 

o 

£5 

no2 

3. 

Trinitrobenzoic  acid 

C00H 

no2 

no2 

CM 

o 

sz; 

4. 

l-Amino-2 ,6-dinitrotoluene 

ch3 

no2 

nh2 

NO  2 

5. 

2 -Amino-4, 6-dinit rotoluene 

ch3 

nh2 

no2 

no2 

6. 

4, 6-Diamino-2-nit rotoluene 

ch3 

no2 

nh2 

nh2 

7. 

2 ,6-Diamino-4-nit rotoluene 

ch3 

nh2 

no2 

nh2 

8. 

4-Hydroxy lamino-2 ,6-dinitrotoluene 

ch3 

no2 

NHOH 

CM 

o 

sz: 

9. 

2-Hydroxylamino-4,6-dinitrotoluene 

ch3 

NHOH 

no2 

no2 

10. 

2,6,2' ,6' -Tetranitro-4,4' -azoxytoluene 

ch3 

N02 

a 

no2 
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Attempts  to  prepare  2,4,6-trinitrobenzyl  alcohol  by  reducing  the 
corresponding  acid  with  boranemethyl  sulfide  gave  a  mixture  of  four  products 
Therefore,  a  modification  of  a  procedure  by  Ganguly64  was  used.  It  involved 
treatment  of  TNT  with  sodium  hypobromite  to  give  the  trinitrobenzyl  bromide, 
followed  by  hydrolysis  to  the  alcohol.  Infrared  and  TLC  analyses  indicated 
that  the  alcohol  was  identical  to  a  reference  sample  of  2,4,6-trinitrobenzyl 
alcohol  obtained  from  NSWC. 

Attempts  to  synthesize  4-amino-2 , 6-dinitrobenzyl  alcohol  by  selec¬ 
tively  reducing  the  4-nitro  group  of  the  2,4,6-trinitrobenzyl  alcohol  usirg 
ammonium  hydroxide-hydrogen  sulfide  resulted  in  a  mixture  of  products;  at¬ 
tempts  to  purify  this  mixture  were  unsuccessful.  In  another  experiment, 
the  alcohol  was  reduced  with  hydrogen  sulfide  in  dioxane.65  This  also  pro¬ 
duced  a  mixture  of  three  products  which  proved  difficult  to  purify. 
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IV.  AEROSOL  PRODUCTION 


A .  Particle  Size  Reduction 

1.  Ball  milling:  The  first  approach  to  reducing  TNT  to  "respir¬ 
able"  size  particles  -as  to  utilize  conventional  ball  milling  techniques. 
Approximately  200  g  of  military  grade  TNT  was  placed  in  a  ball  mill  jar 
with  28  to  32  porcelain  balls.  The  TNT  was  milled  for  varying  lengths  of 
time  up  to  2  hr,  and  samples  were  removed  at  different  intervals  for  micro¬ 
scopic  determination  of  particle  size.  The  minimum  particle  size  range 
achieved  was  20  to  28  pm  after  30  min  of  ball  milling.  Ball  milling  for 
longer  periods  of  time  did  not  result  in  a  further  reduction  in  particle 
size.  After  ball  milling,  the  TNT  had  a  tendency  to  clump  together  in  the 
jar  and  adhere  to  the  sides  of  the  mill  jar. 

2.  Nebulization  of  TNT:  Nebulization  of  TNT  from  a  TNT-acetone 
solution  was  attempted  to  produce  respirable  size  TNT  particles.  This 
method  utilized  the  FK-8  nebulizer  gun  developed  at  Edgewood  Arsenal.  The 
FK-8  gun  is  designed  to  produce  an  aerosol  at  the  rate  of  2  ml/30  sec  or 

240  ml/hr  with  a  particle  size  of  1  to  2  pm.  For  the  TNT  experiments,  nitro¬ 
gen  at  a  pressure  of  60  to  70  psi  was  used  to  produce  the  TNT  particles  from 
a  TNT-acetone  solution.  For  these  studies,  the  aerosol  from  the  FK-8  gun 
was  directed  into  a  5-gal.  widemouthed  glass  jar. 

Using  the  FK-8  nebulizer  gun,  it  was  possible  to  produce  TNT  par¬ 
ticles  in  the  1-  to  2-pm  size  range  as  determined  from  microscopic  examina¬ 
tion.  However,  the  TNT  particles  produced  had  the  tendency  to  adhere  to 
the  sides  of  the  glass  container.  In  addition,  it  appeared  that  the  sepa¬ 
ration  of  the  TNT  particles  from  the  acetone  would  pose  a  significant  prob¬ 
lem  in  producing  an  aerosol  suitable  for  the  exposure  of  animals. 

3.  Aspirator  method:  A  TNT-acetone  solution  was  dispersed  through 
a  cold  water  aspirator  vortex.  The  TNT  particles  were  precipitated  in  the 
water  and  filtered.  The  filtered  particles  were  then  washed  with  95%  ethanol 
followed  by  an  ether  wash  to  obtain  dry  particles.  The  dry  TNT  particles 
were  then  sized  by  light  microscopy  and  were  found  primarily  to  be  greater 
than  20  pm  in  size.  Therefore,  the  aspirator  method  was  not  suitable  for 
producing  TNT  particles  of  respirable  size. 

4.  Ball  milling  in  a  cold  atmosphere:  As  discussed  above,  con¬ 
ventional  ball  milling  techniques  produced  TNT  particles  in  the  20-  to  28-pm 
size  range.  It  was  felt  that  the  softness  of  TNT  (a  hardness  of  1.4  on  the 
Mohs  scale)  might  have  contributed  substantially  to  the  failure  to  produce 
smaller  particles  by  ball  milling.  By  hardening  the  TNT  particles,  it  was 
anticipated  that  ball  milling  might  result  in  a  further  reduction  in  TNT 
particles.  To  harden  the  TNT  particles,  ball  milling  in  a  cold  atmosphere 
was  attempted. 

The  initial  approach  to  producing  a  cold  atmosphere  was  to  add 
dry  ice  to  the  ball  mill  jar.  Although  the  addition  of  dry  ice  in  the  TNT 
reduced  the  temperature  of  the  jar  initially,  the  ball  milling  procedure 
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quickly  dissipated  the  dry  ice  and  the  jar  rapidly  returned  to  ambient  tem¬ 
perature.  In  addition,  adding  the  dry  ice  to  the  jar  resulted  in  a  problem 
with  moisture  collection  which  in  turn  appeared  to  aggravate  the  clumping 
problem.  The  particle  size  range  produced  by  this  method  was  essentially 
the  same  as  that  obtained  with  conventional  ball  milling,  20  to  28  pm. 

A  second  approach  involved  adding  liquid  nitrogen  to  the  TNT. 

Upon  addition  of  the  liquid  nitrogen  to  the  mill  jar,  the  TNT  powder  present 
froze  into  a  solid  sheet.  After  20  min  of  ball  milling,  the  particles  ex¬ 
amined  microscopically  were  greater  than  15  pm  in  size.  As  with  the  dry 
ice  method,  the  liquid  nitrogen  quickly  dissipated,  resulting  in  a  rapid 
return  to  ambient  temperture. 

To  keep  the  ball  mill  jar  at  a  reduced  temperature  throughout  ball 
milling,  the  jar  was  immersed  in  a  dry  ice-acetone  bath.  Using  this  approach, 
it  was  possible  to  maintain  the  ball  mill  jar  at  a  reduced  temperature 
throughout  the  milling  procedure.  After  ball  milling  for  1  hr  in  the  dry 
ice-acetone  bath,  the  particles  obtained  were  greater  than  10  pm  in  size. 

Ball  milling  in  the  dry  ice-acetone  bath  for  additional  lengths  of  time  did 
not  further  reduce  the  TNT  particle  size. 

5.  Jet  pulverizer  system:  The  jet  pulverizer  system  (Jet  Pulver¬ 
izer  Company,  Palmyra,  New  Jersey)  was  attempted  to  reduce  TNT  to  the  1-pm 
particle  size.  The  jet  pulverizer  is  a  fluid  energy  mill  in  which  the  fluid 
energy  (in  this  case  nitrogen  gas)  is  admitted  in  fine,  high  velocity  streams 
around  the  periphery  of  a  grinding  and  classifying  chamber.  The  high  order 
of  turbulence  created  causes  the  particles  to  grind  upon  themselves  and  be 
ruptured,  forming  smaller  particles. 

After  determining  that  substances  of  the  softness  of  TNT  could  be 
ground  successfully  with  the  jet  pulverizer  system,  experiments  were  under¬ 
taken  to  reduce  the  TNT  to  the  desired  particle  size.  The  TNT  was  fed  to 
the  pulverizer  using  a  vibrating  trough  which  in  turn  was  fed  by  a  vibrating 
feed  hopper  in  order  to  maintain  a  constant  feed  of  material  to  the  pul¬ 
verizer. 

It  was  found  that  TNT  particles  1  to  3  pm  in  size  could  be  produced 
using  the  jet  pulverizer.  Microscopic  examination  of  these  particles  showed 
the  particles  to  be  spherical  and  1  to  3  pm  in  diameter.  The  particles 
existed  as  both  single  particles  and  agglomerates  of  the  1-  to  3-pm  particles. 
After  setting  for  a  number  of  days,  the  TNT  particles  again  displayed  the 
ten lency  to  clump  together,  although  the  individual  particles  remained  1  to 
3  pm  in  size.  Therefore,  it  appears  the  jet  pulverizer  is  suitable  for  re¬ 
ducing  TNT  to  a  1-  to  3-pm  particle  size. 


B.  Aerosol  Generation 

1.  Generation  from  jet  pulverizer-produced  particles:  After  ob¬ 
taining  respirable  (1  to  3  pm)  TNT  particles  with  the  jet  pulverizer,  at¬ 
tempts  were  made  to  produce  a  suitable  aerosol  for  animal  studies.  Pilot 
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studies  of  aerosol  generation  centered  on  two  methods.  The  first  method 
involved  the  nebulizing  of  TNT  suspensions.  The  TNT  was  suspended  in  either 
Tween-80  or  propylene  glycol.  For  these  pilot  studies,  a  5-gal.  widemouthed 
glass  jar  was  used  as  the  chamber  in  which  to  produce  the  aerosol.  While 
the  nebulization  of  TNT  from  the  above  suspensions  will  produce  an  aerosol 
cloud  of  TNT  particles  in  the  1-  to  3-pm  range,  several  problems  are  evident. 
It  appears  that  the  concentrations  needed  to  conduct  the  animal  inhalation 
studies  are  so  high  that  the  TNT  particles  coalesce  into  larger  particles 
and  thus  will  not  remain  in  airborne  suspensions.  Also,  the  TNT  particles 
have  a  tendency  to  adhere  to  the  surfaces  of  the  glass  jar.  The  net  result 
of  these  problems  is  to  greatly  reduce  the  inhalable  concentration  of  TNT 
within  the  chamber. 

The  second  method  of  generation  involved  the  dispersion  of  TNT 
using  an  air  jet.  As  with  the  nebulization  method,  the  problems  of  coales¬ 
cence  and  adherence  to  the  glass  surfaces  occurred.  It  would  appear  that 
the  physicochemical  properties  of  TNT  may  be  at  least  a  part  of  the  problem 
because  using  the  same  method  as  described  above,  it  is  possible  to  produce 
an  aerosol  of  talc  which  will  remain  in  airborne  suspension  and  will  not 
adhere  to  surfaces  in  the  manner  observed  with  TNT. 

2.  Aerosolization  by  heating  of  TNT:  TNT  powder  (20  to  28  pm  in 
size)  contained  in  a  glass  petri  dish  was  placed  on  an  aluminum  heating 
plate  warmed  by  a  175-W  heater.  The  temperature  of  the  heater  was  con¬ 
trolled  by  a  thermocouple  connected  to  a  temperature  controller.  A  second 
thermocouple  connected  to  a  Pyrotest  meter  was  placed  in  the  petri  dish  to 
allow  for  direct  temperature  readings  of  the  melted  TNT  liquid. 

The  experiments  were  carried  out  in  a  0.5  m3  stainless  steel  ex¬ 
posure  chamber.  The  heating  device  was  placed  in  the  bottom  of  the  chamber, 
and  the  airflow  entered  the  chamber  at  a  point  below  the  heating  device. 

The  airflow  (50  liters/min)  was  controlled  by  a  rotameter-type  flowmeter. 
Samples  for  analysis  of  TNT  concentration  in  the  chamber  were  drawn  through 
a  Millipore  filter  (0.8-pm  pores)  by  a  vacuum  pump  connected  to  a  flowmeter 
to  control  the  volume  of  the  air  sample  withdrawn  from  the  chamber.  The 
TNT  was  eluted  from  the  filters  with  toluene  and  analyzed  by  gas  chromatog¬ 
raphy.  Samples  were  collected  with  an  impaction  device  and  examined  by 
light  microscopy  to  determine  particle  size. 

Initial  experiments  confirmed  that  a  TNT  aerosol  could  be  produced 
by  heating  the  TNT  to  approximately  200°C.  However,  the  actual  chamber  con¬ 
centrations  measured  were  only  10  to  20%  of  the  calculated  concentration, 
which  was  based  on  chamber  airflow  and  the  amount  of  TNT  consumed  during 
the  experiments.  The  particle  size  of  the  TNT  obtained  by  this  method  was 
principally  in  the  3-  to  8-pm  size  range. 

In  an  effort  to  determine  the  reason  for  the  discrepancy  between 
actual  and  calculated  chamber  concentrations,  several  experiments  were  con¬ 
ducted.  To  ensure  that  the  chamber  airflow  was  correct,  the  flowmeter  was 
recalibrated  using  an  Autotronics  100-SSX  airflow  transducer.  This  showed 
the  flowmeter  calibration  to  be  correct;  therefore,  the  airflow  was  not  the 
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source  of  discrepancy  in  concentrations.  Other  possibilities  considered 
included  the  possible  generation  of  TNT  vapor  or  TNT  particles  of  smaller 
size  that  would  not  be  captured  on  the  Millipore  filter  sampling  system. 

To  test  these  possibilities,  the  chamber  sampling  was  performed  by  passing 
chamber  air  samples  through  a  vessel  containing  toluene  to  capture  any  TNT 
vapor  or  very  small  TNT  particles.  The  concentrations  obtained  by  this 
method  were  the  same  as  those  using  the  Millipore  filter  system.  This  sug¬ 
gests  that  TNT  vapor  or  small  TNT  particles  could  not  account  for  the  dis¬ 
crepancy  in  concentrations. 

As  with  the  experiments  using  particles  obtained  with  the  jet 
pulverizer,  there  was  a  problem  with  TNT  adhering  to  the  walls  of  the  ex¬ 
posure  chamber.  Also,  after  each  experiment  with  the  heating  method,  de¬ 
posits  of  TNT  dust  were  found  in  the  bottom  cone  of  the  exposure  chamber. 

In  retrospect,  it  appears  that  the  TNT  produced  by  the  heating  method  was 
of  sufficiently  high  concentration  to  result  in  coalescence  of  particles  to 
form  larger  particles  which  settled  to  the  bottom  of  the  chamber,  resulting 
in  reduced  concentrations  of  TNT  in  the  chamber  environment.  The  presence 
of  TNT  particles  primarily  in  the  3-  to  8-pm  range  might  be  a  further  indi¬ 
cation  of  coalescence.  Earlier  small-scale  studies  of  the  heating  method 
had  produced  particles  in  the  1-pm  size  range. 


C.  Discussion 


It  appears  that  methods  are  available  which  can  produce  1-  to  3-pm 
TNT  particles  and  generate  TNT  aerosol.  However,  the  problem  in  the  present 
study  appears  to  be  the  necessity  for  producing  extremely  high  concentrations 
of  TNT  which  are  suitable  for  metabolic  studies.  We  have  estimated  that 
TNT  concentrations  of  1  to  2  g/m3  would  be  needed  to  produce  levels  of  TNT 
in  the  experimental  animals  that  could  be  detected  by  available  analytical 
methods.  Production  of  TNT  concentrations  of  this  high  magnitude  was  not 
possible  using  the  methods  described  herein. 

An  alternative  approach  was  the  study  of  TNT  disposition  and  metab¬ 
olism  after  direct  instillation  into  the  trachea.  This  method  has  been  used 
successfully  by  different  investigators  to  study  the  toxicity  and  metabolism 
of  various  environmental  chemicals,  especially  polycyclic  aromatic  hydrocar¬ 
bons.66  68  While  this  method  is  not  an  inhalation  exposure  in  the  strictest 
sense,  it  does  allow  for  the  absorption  of  TNT  via  the  lung.  In  this  way, 
the  metabolism  of  the  TNT  can  be  studied  under  conditions  in  which  the  TNT 
passes  through  the  lung  prior  to  entry  into  the  bloodstream.  Therefore,  it 
would  appear  that  a  valid  comparison  or  at  least  approximation  of  TNT  metab¬ 
olism  by  oral  and  pulmonary  absorption  could  be  made. 
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V.  DISPOSITION  STUDIES 


A.  Methods 


1.  Oral  administration:  Four  rats,  seven  or  eight  mice,  and  three 
rabbits  and  dogs  of  both  sexes  were  used  in  these  studies.  The  animals  were 
fasted  overnight  before  receiving  single  oral  doses  of  14C-TNT.  Rats  and 
mice  received  14C-TNT  doses  of  100  mg/kg  dissolved  in  10  ml/kg  (rats)  or  25 
ml/kg  (mice)  of  oil.  Rabbits  and  dogs  received  14C-TNT  doses  of  5  mg/kg 
body  weight  dissolved  in  1  ml/kg  oil.  The  dosing  solutions  were  prepared 
by  dissolving  the  appropriate  amounts  of  nonlabeled  and  14C-labeled  TNT  in 
peanut  oil.  A  fresh  dosing  solution  was  prepared  for  each  experiment  to 
avoid  possible  decomposition.  When  not  in  use,  the  dose  was  stored  refrig¬ 
erated  at  4°C.  Aliquots  of  each  solution  were  counted  to  determine  the 
amounts  of  radioactivity.  All  dosing  solutions  contained  S  25  pCi  of  the 
labeled  compound  per  kilogram  body  weight. 

After  dosing,  the  animals  were  placed  in  individual  stainless 
steel  metabolism  cages  for  the  separate  collection  of  urine  and  feces  and 
were  given  food  and  water  ad  libitum.  After  24  hr,  the  animals  were  anes¬ 
thetized  with  ether  (rats  and  mice)  or  sodium  pentobarbital  (40  mg/kg,  i.p. 
for  rabbits;  and  30  mg/kg,  i.v.  for  dogs).  Blood  was  collected,  and  the 
following  tissues  and  organs  were  removed,  weighed,  and  analyzed  for  radio¬ 
activity: 


Liver 

Brain 

Kidneys 

Skeletal  muscle 

Lungs 

Fat  (retroperitoneal) 

Spleen 

GI  tract  plus  contents 

2.  Dermal  application: 

The  fur  on  the  back  of  the 

was  removed  with  an  electric  clipper.  The  day  following  clipping,  the  14C- 
TNT  solution  was  spread  over  the  depilated  areas  (2  to  4  cm2  in  mice,  8  to 
10  cm2  in  rats,  150  to  200  cm2  in  rabbits,  and  200  to  300  cm2  in  dogs). 

The  doses  applied  were  50  mg/kg  of  TNT  containing  S  25  (iCi/kg  of  14C-TNT  in 
2  ml/kg  of  peanut  oil  for  rats;  and  in  5  ml/kg  for  mice.  Rabbits  and  dogs 
were  treated  with  either  5  or  50  mg/kg  of  TNT  containing  =  25  pCi/kg  of  14C- 
TNT  in  0.5  ml/kg  of  peanut  oil.  Concurrent  experiments  were  performed  in 
animals  treated  orally  with  the  same  dose  of  14C-TNT  and  housed  under  the 
same  conditions.  Before  being  placed  in  metabolism  cages,  a  plastic  collar 
was  placed  around  the  neck  of  each  mouse,  rabbit,  and  dog  to  prevent  them 
from  grooming  their  fur.  After  dosing,  rats  were  placed  in  individual  re¬ 
strainers,  mice  in  small  glass  metabolic  cages,  and  rabbits  and  dogs  in  steel 
metabolic  cages.  Urine  and  feces  were  collected  separately  for  24  hr.  Blood 
samples  were  obtained  from  the  tail  veins  of  rats  at  4,  8,  and  24  hr  after 
dosing.  After  24  hr,  the  animals  were  anesthetized  with  ether  (rats  and  mice) 
or  with  sodium  pentobarbital  (rabbits  and  dogs).  Blood  samples  were  collected, 
and  the  animals  were  killed  for  tissue  sampling  as  described  for  the  oral 
studies.  Skin  including  the  site  of  application  was  not  retained  for  analysis. 
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The  dermal  and  oral  studies  were  performed  with  three  (oral)  and 
six  (dermal)  rats  of  both  sexes,  eight  (oral)  and  seven  (dermal)  male  mice, 
three  (oral)  and  four  (dermal)  male  rabbits,  three  (oral)  and  three  (dermal) 
male  dogs.  In  addition,  limited  studies  were  performed  using  four  male  rab¬ 
bits  (two  oral  and  two  dermal)  and  two  male  dogs  (one  oral  and  one  dermal) 
which  were  treated  with  higher  (50  mg/kg)  doses  of  14C-TNT. 

3.  Intratracheal  instillation:  Rats  were  anesthetized  with  so¬ 
dium  pentobarbital  (45  mg/kg,  i.p.),  then  tracheotomized  with  polyethylene 
tubing  (PE-210).  The  femoral  artery  was  cannulated  with  PE-50  tubing  for 
collection  of  blood  samples.69  After  the  rats  were  allowed  a  10-  to  15-min 
recovery  period,  50  mg/kg  of  TNT  containing  =  25  pCi/kg  of  14C-TNT  was  admin¬ 
istered  either  orally  or  intratracheally .  The  TNT  with  particle  size  of  1 
to  3  pm  was  suspended  in  a  volume  of  0.5  ml/kg  of  methylcellulose .  Blood 
samples  (0.2  to  0.3  ml)  were  collected  for  subsequent  analysis.  At  the  end 
of  4  hr,  the  rats  were  sacrificed,  and  tissues  and  bladder  urine  were  col¬ 
lected  for  radioactivity  analysis  (see  oral  administration). 

Since  a  major  portion  of  the  intratracheally  administered  TNT  dose 
was  recovered  in  the  GI  tract,  some  experiments  were  performed  in  rats  which 
had  the  common  bile  duct  cannulated  with  PE- 10  tubing.69  Bile  was  collected 
at  different  time  periods  after  dosing  and  sampled  for  analysis.  Blood  sam¬ 
ples  were  also  collected,  and  the  rats  were  sacrificed  at  4  hr  for  tissue 
sampling. 

A.  Sample  preparation  and  analyses:  Feces  and  GI  tract  plus  con¬ 
tents  were  weighed  and  homogenized  separately  in  10  volumes  of  ethanol :water 
(20:80)  in  a  Waring  blender.  Duplicate  aliquots  of  the  homogenates  (500  pi), 
whole  blood  (100  pi),  and  tissues  (50  to  120  mg)  were  used  for  analysis. 

These  samples  were  processed  by  heating  in  a  shaking  water  bath  at  70°C  for 
30  min  with  0.2  ml  of  70%  perchloric  acid  and  0.4  ml  of  30%  hydrogen  peroxide, 
then  cooled  and  mixed  with  scintillation  cocktail.  (Preliminary  studies 
indicated  good  recoveries  when  this  technique  was  used  for  processing  tissues 
and  excreta.)70’71  Volumes  of  urine  and  cage  rinse  were  measured,  and  ali¬ 
quots  (100  pi)  were  mixed  with  scintillation  cocktail.  Samples  were  ana¬ 
lyzed  in  duplicate  whenever  possible.  Phase  Counting  Solution  (PCS,  Amersham 
Corporation,  Arlington  Heights,  Illinois)  was  used  as  the  scintillation  cock¬ 
tail. 

5.  Radioactivity  measurements:  The  samples  were  cooled  for  a 
minimum  of  24  hr  before  counting  in  a  liquid  scintillation  counter  (Packard 
Tricarb  Model  3375).  Correction  for  background  was  carried  out  automatically 
on  the  counter.  Background  determinations  were  obtained  by  averaging  the 
natural  counts  of  several  tissue  homogenates  from  nontreated  animals.  The 
counting  efficiency  was  determined  using  the  automatic  external  standard 
(AES)  method.  An  AES  versus  efficiency  curve  was  prepared  by  processing  a 
quench  curve  set  through  the  counter  under  the  conditions  used  throughout 
the  experiment.  Assays  not  within  ±  10%  of  the  mean  of  the  duplicates  were 
reassayed  in  duplicate  except  when  the  sample  was  not  available  or  when 
radioactivity  counts  were  low  and  nonsignificant,  i.e.,  less  than  two  times 
the  background. 
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6.  Data  processing  and  analysis:  Carbon-14  contents  in  blood 
and  tissues  were  presented  in  terms  of  microgram  equivalents  per  milliliter 
(blood  and  bile)  or  gram  (tissues)  and  percentage  of  the  dose  administered 
to  each  animal.  Microgram  equivalents  per  milliliter  of  blood  and  bile  were 
also  presented  in  graphic  form.  The  means  ±  standard  errors  were  calculated 
for  each  test  group  with  a  programmable  (Monroe)  calculator.  The  signifi¬ 
cance  of  the  data  was  determined  by  the  two-tailed  Student's  t  test.  Sig¬ 
nificant  differences  were  indicated  when  p  <  0.05. 


B.  Results 


1.  Oral  studies:  The  disposition  of  orally  administered  14C-TNT 
was  studied  in  male  and  female  rats,  mice,  rabbits,  and  dogs.  No  attempt 
was  made  to  examine  the  radioactivity  in  the  expired  air  since  earlier 
studies  performed  at  MRI*  have  demonstrated  that  only  a  negligible  amount 
(0.1%)  of  the  administered  ring-14C-labeled  TNT  dose  was  eliminated  by  this 
route. 


a.  Rats :  Recovery  of  radioactivity  in  tissues  and  excreta 
of  rats  is  summarized  in  Table  1.  At  the  end  of  24  hr,  a  total  of  52.7%  of 
the  administered  dose  was  recovered  in  the  urine,  8.1%  in  the  feces,  and 
29.8%  remained  in  the  GI  tract  of  male  rats.  Blood,  liver,  kidney,  and 
spleen  demonstrated  high  concentrations  of  radioactivity.  The  distribution 
and  excretion  of  TNT  and  its  metabolites  in  female  rats  were  similar  to  that 
in  male  rats.  During  the  same  period  the  female  rats  excreted  64.6%  of  the 
dose  in  the  urine  and  2.1%  in  the  feces  while  33.9%  remained  in  the  GI  tract. 
Urine  of  both  males  and  females  was  bright  red. 

b.  Mice:  Table  2  summarizes  the  tissue  distribution  and 
excretion  of  radioactivity  in  mice  treated  orally  with  14C-TNT.  In  24  hr, 
male  mice  excreted  41.9%  of  the  administered  dose  in  the  urine  and  22.0%  in 
the  feces;  13.5%  remained  in  the  GI  tract.  The  females  eliminated  42.9%  in 
the  urine  and  9.0%  in  the  feces;  7.4%  was  recovered  in  the  GI  tract.  Tis¬ 
sues  of  female  mice  demonstrated  lower  radioactivity  than  those  of  males. 

This  difference,  which  was  statistically  significant  only  in  blood,  liver, 
and  kidney,  is  probably  due  to  the  low  recovery  in  the  females.  Urine  of 
mice  had  a  bright  red  color  similar  to  that  of  rats. 

c.  Rabbits :  The  rabbits  excreted  most  of  the  administered 
radioactivity  in  the  urine  (66.3%  of  the  dose  in  males  and  78.9%  in  females). 
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Feces  contained  1.8%  in  both  males  and  females.  Recoveries  in  the  GI  tract 
averaged  7.5%  in  males  and  4.7%  in  females  (Table  3).  Most  tissues  contained 
only  small  amounts  of  radioactivity.  Liver,  kidneys,  and  especially  lungs 
had  higher  14C  levels  than  did  blood;  lungs  contained  9  times  (males)  or  14 
times  (females)  the  levels  in  blood.  Rabbit  urine  did  not  contain  the  red 
pigment  which  was  characteristic  of  the  urine  of  rats  and  mice. 

d.  Dogs :  Table  4  summarizes  the  tissue  distribution  and 
excretion  of  radioactivity  in  dogs  after  oral  administration  of  14C-TNT. 

In  n  s,  55.9%  of  the  dose  was  excreted  in  the  urine,  5.4%  was  recovered 
in  the  feces,  and  10.0%  in  the  GI  tract.  Females  eliminated  60.2%  of  the 
dose  in  the  urine  and  16.8%  in  the  feces  while  4.4%  remained  in  the  GI  tract. 
Expressed  as  percentages  of  the  administered  doses,  dogs  contained  higher 
residual  radioactivity  than  did  rats,  rabbits,  or  mice.  Similar  to  rabbit 
urine,  dog  urine  did  not  contain  a  red  pigment. 

A  comparison  of  the  tissue-to-blood  concentration  ratios  in 
rats,  mice,  rabbits,  and  dogs  at  24  hr  after  oral  dosing  with  14C-TNT  is 
shown  in  Table  5.  High  tissue-to-blood  ratios  were  noted  in  liver  (four 
species)  and  occasionally  in  kidneys  and  lungs  (mice  and  rabbits).  Rabbit 
lungs  contained  9  times  (males)  or  14  times  (females)  higher  14C  levels  than 
did  blood.  Low  ratios  (less  than  1)  were  generally  noted  in  brain  and  muscle 
and  occasionally  in  lungs  (rats). 

2.  Dermal  studies:  The  absorption,  tissue  distribution,  and 
elimination  of  14C-TNT  was  studied  in  male  and  female  rats,  male  mice,  male 
rabbits,  and  male  dogs  after  dermal  application.  Concurrent  experiments 
were  performed  in  animals  treated  orally  with  the  same  dose  of  14C-TNT  and 
housed  under  the  same  conditions  used  for  the  dermal  application  experiments. 
No  attempt  was  made  to  measure  the  radioactivity  on  the  site  of  dermal  appli¬ 
cation. 


a.  Rats :  Both  male  and  female  rats  absorbed  TNT  after  der¬ 
mal  application.  Radioactivity  in  the  blood  increased  with  time  following 
dermal  application  and  continued  to  increase  until  at  least  24  hr  after  dos¬ 
ing.  After  oral  administration,  on  the  other  hand,  the  highest  radioactivity 
in  the  blood  was  seen  at  8  hr  (Table  6).  After  both  treatments,  the  urine 
of  rats  was  red. 

At  the  end  of  24  hr,  the  distribution  of  radioactivity  in 
blood,  lung,  spleen,  brain,  and  muscle  was  comparable  after  both  oral  and 
dermal  administration  of  14C-TNT  to  male  rats  (Table  7).  However,  the  fat 
contained  a  higher  concentration  of  radioactive  TNT  after  dermal  application, 
and  the  liver  and  kidney  contained  higher  concentrations  of  radioactivity 
after  oral  dosing.  Most  of  the  absorbed  radioactivity  was  excreted  in  the 
urine,  averaging  17.4%  of  the  administered  dose  after  dermal  application 
and  59.5%  after  oral  administration.  Radioactivity  was  also  recovered  in 
the  feces  and  GI  tract,  averaging  1.3  and  3.1%,  respectively,  after  dermal 
application;  and  10.7  and  20.2%,  respectively,  after  oral  treatment. 

In  female  rats,  the  distribution  of  radioactivity  was  similar 
to  that  in  male  rats  (Table  8).  At  the  end  of  24  hr,  the  distribution  of 
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radioactivity  in  blood  and  most  tissues  was  comparable  after  oral  and  dermal 
administration.  Fat  contained  greater  levels  of  radioactivity  after  dermal 
application,  and  liver  contained  more  radioactivity  after  oral  dosing.  Thes 
differences,  however,  were  not  significant.  At  the  end  of  24  hr,  a  total 
of  14.6,  2.5,  and  6.4%  of  the  dermally  applied  radioactivity  was  recovered 
in  the  urine,  feces,  and  GI  tract,  respectively.  After  oral  administration, 
recoveries  from  urine  and  GI  tract  were  significantly  greater,  averaging 
42.5  and  35.3%,  respectively,  of  the  administered  dose;  in  the  feces,  recov¬ 
ery  was  2.1%  after  oral  administration. 

b.  Mice:  After  dermal  application  of  14C-TNT  to  male  mice, 
absorption  occurred  readily.  At  the  end  of  24  hr,  22.7,  14.2,  and  3.6%  of 
the  administered  dose  was  recovered  in  the  urine,  feces,  and  the  GI  tract, 
respectively  (Table  9).  After  oral  dosing,  the  recovered  radioactivity  aver 
aged  59.1,  24.1,  and  10.2%,  respectively;  these  recoveries  were  significantl 
larger  than  those  after  dermal  application.  Radioactivity  remaining  in  most 
tissues  was  comparable  after  both  routes  of  administration.  As  in  rats, 

14C  content  in  fat  was  higher  after  dermal  application,  whereas  the  radio¬ 
activity  in  liver  was  higher  after  oral  dosing.  After  both  routes  of  admin¬ 
istration,  the  urine  had  the  same  red  color  that  was  observed  in  urine  of 
TNT-treated  rats. 

c.  Rabbits:  A  dose  of  5  mg/kg  of  14C-TNT  was  administered 
to  groups  of  male  rabbits  dermally  or  orally.  This  dose  was  the  same  as 
was  used  in  the  oral  studies  performed  earlier.  However,  the  volume  of 
vehicle  (peanut  oil)  was  reduced  to  0.5  ml/kg.  After  dermal  application, 
the  major  portion  of  the  absorbed  radioactivity  was  eliminated  in  the  urine, 
averaging  52.9%  of  the  dose  (Table  10).  In  addition,  7.8%  of  the  dose  was 
recovered  in  the  feces  and  5.8%  in  the  GI  tract.  After  oral  dosing,  recov¬ 
eries  in  the  urine,  feces,  and  GI  tract  averaged  68.1,  5.4,  and  19.7%,  re¬ 
spectively.  Radioactivity  in  blood  and  residual  bile  was  higher  after  oral 
administration,  whereas  radioactivity  in  kidney,  lung,  brain,  and  fat  was 
higher  after  dermal  application. 

An  additional  study  was  conducted  in  groups  of  male  rabbits 
treated  dermally  or  orally  with  a  50  mg/kg  dose  of  14C-TNT.  This  study  was 
performed  in  order  to  (a)  acquire  larger  amounts  of  TNT  metabolites  in  the 
urine  for  TLC  analysis;  (b)  compare  the  profiles  of  metabolites  in  different 
species  after  administration  of  the  same  dose  of  14C~TNT;  and  (c)  examine 
the  effect  of  increasing  dose  on  the  disposition  and  metabolism  of  TNT. 
Apparently  the  high  dose,  50  mg/kg,  did  not  alter  the  absorption,  distribu¬ 
tion,  and  excretion  of  TNT  when  compared  with  the  low  dose,  5  mg/kg  (Table 
11).  However,  the  number  of  rabbits  used  (two  per  treatment)  was  too  small 
to  make  a  statistical  comparison  between  the  different  dose  levels  or  treat¬ 
ments.  The  red  pigment  excreted  in  the  urine  of  rats  and  mice  treated  with 
a  50  mg/kg  dose  of  TNT  was  not  found  in  the  urine  of  rabbits  treated  with 
the  same  dose,  although  it  was  reported  earlier56  that  a  red  pigment  was 
excreted  in  the  urine  of  rabbits  treated  with  higher  and  repetitive  doses 
o  f  TNT . 


d.  Dogs :  A  dose  of  5  mg/kg  of  14C-TNT  was  administered  to 
male  dogs  orally  or  applied  dermally.  The  absorption  of  TNT  after  derma] 
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application  was  significantly  lower  than  in  rabbits  and  mice  and  slightly 
lower  than  in  rats.  At  the  end  of  24  hr,  11.7%  of  the  dose  was  recovered 
in  the  urine,  1.7%  in  the  feces,  and  1.7%  in  the  GI  tract  (Table  12).  After 
oral  administration,  70.5%  of  the  dose  was  excreted  in  the  urine  and  9.0% 
in  the  feces  while  14.6%  remained  in  the  GI  tract.  Radioactivity  in  blood, 
liver,  kidney,  spleen,  muscle,  and  residual  bile  was  higher  after  oral  ad¬ 
ministration,  whereas  radioactivity  in  fat  was  higher  after  dermal  appli¬ 
cation. 

To  obtain  preliminary  information  on  the  effect  of  dose  on 
TNT  absorption  and  elimination  in  dogs,  14C-TNT  was  administered  orally  and 
dermally  at  a  dose  of  50  mg/kg.  One  animal  was  dosed  by  each  route.  Absorp¬ 
tion  and  excretion  of  TNT  appeared  similar  in  both  dose  levels  studied  (5 
and  50  mg/kg),  although  blood  content  (percent  of  dose)  was  higher  after 
the  high  dose  of  TNT  (Table  13). 

After  administration  of  14C-TNT  to  dogs  by  both  routes,  radio¬ 
activity  was  concentrated  in  the  residual  bile  and  liver  (Table  14).  Radio¬ 
activity  levels  were  also  high  in  the  residual  bile  and  liver  of  rabbits; 
levels  in  bile  were  considerably  higher  than  in  the  blood.  The  concentra¬ 
tion  ratios  (bile/liver  and  bile/blood)  of  radioactivity  were  higher  for 
dogs  than  for  rabbits  (Table  14). 

The  tissue-to-blood  concentration  ratios  at  24  hr  after  oral 
or  dermal  dosing  of  14C-TNT  are  shown  in  Table  15.  Liver,  kidney,  lung, 
and  occasionally  spleen  showed  ratios  higher  than  1.0,  while  brain  and  mus¬ 
cles  demonstrated  ratios  lower  than  1.0.  The  ratios  in  fat  differed  after 
both  routes  of  administration  and  were  lower  than  1.0  after  oral  adminis¬ 
tration  and  higher  than  1.0  after  dermal  treatment. 

3.  Intratracheal  studies:  As  an  alternative  approach  to  the  ex¬ 
posure  of  rats  to  TNT  by  inhalation,  studies  were  performed  in  which  14C-TNT 
was  instilled  directly  into  the  trachea  of  rats.  A  suspension  of  14C-TNT 
was  delivered  through  a  cannula  placed  surgically  into  the  trachea  in  order 
to  ensure  that  the  precise  dose  was  administered.  Attempts  to  let  the  anes¬ 
thetized  rats  recover  failed.  Therefore,  subsequent  experiments  were  per¬ 
formed  under  pentobarbital  anesthesia.  Although  it  was  appropriate  to  ad¬ 
minister  the  100  mg/kg  dose  of  14C-TNT  used  in  the  oral  experiments  described 
earlier,  limitations  on  the  quantities  of  powder  and  vehicle  instilled  into 
the  trachea  necessitated  reducing  the  dose  to  50  mg/kg  and  the  volume  of 
the  vehicle  to  0.5  ml/kg.  Initially,  0.2%  solution  of  Tween  80  was  used  to 
suspend  14C-TNT,  but  it  was  found  that  the  use  of  a  solution  of  0.5%  methyl- 
cellulose  was  satisfactory.  Concurrent  experiments  were  performed  in  rats 
treated  orally  with  the  same  dose  of  14C-TNT  under  the  same  experimental 
conditions . 

Preliminary  experiments  performed  in  rats  dosed  intratracheally 
indicated  a  fast  rate  of  absorption  of  TNT  from  the  trachea  and  disappearance 
of  TNT  from  blood.  Therefore,  the  experiments  were  terminated  4  hr  after 
dosing.  Since  the  GI  tracts  of  the  intratracheally  treated  rats  contained 
considerable  amounts  of  radioactivity,  some  experiments  were  performed  in 
which  the  bile  ducts  were  cannulated  for  collection  of  bile.  The  survival 


rate  during  the  intratracheal  instillation  of  TNT  was  fair;  more  than  80% 
of  the  treated  rats  survived  the  experiment.  Some  of  the  surviving  rats 
had  slight  difficulty  in  breathing  for  about  10  min  after  dosing. 

After  oral  administration  of  14C-TNT,  radioactivity  appeared  in 
the  blood  of  male  rats  within  15  min  (Figure  2).  The  radioactivity  in  blood 
continued  to  increase  for  60  min  and  maintained  a  constant  level  thereafter 
during  the  4-hr  experiment.  After  intratracheal  instillation,  absorption 
was  faster,  greater,  and  more  uniform  with  less  individual  variation  than 
was  noted  after  oral  administration.  Orally  treated  male  rats  excreted 
10.7%  of  the  administered  dose  in  the  urine  and  11.6%  in  the  bile  from  bile 
duct-cannulated  rats  (Table  16).  The  amounts  excreted  in  the  urine  and  bile 
were  higher  after  intratracheal  instillation,  averaging  17.5  and  19.8%  of 
the  dose,  respectively.  As  shown  in  Figure  3,  biliary  excretion  reached  a 
peak  30  min  after  oral  administration  and  remained  constant  thereafter. 

After  intratracheal  instillation,  biliary  excretion  quickly  reached  a  peak 
at  30  min  and  decreased  gradually  thereafter.  Cumulative  excretion  of  radio¬ 
activity  in  bile  is  shown  in  Figure  4.  Urinary  and  biliary  excretions  were 
generally  lower  in  female  rats.  Excretion  of  radioactivity  in  urine  and 
bile  averaged  8.4  and  9.7%  of  the  administered  dose,  respectively,  after 
oral  administration;  and  12.7  and  14.5%,  respectively,  after  intratracheal 
instillation  (Table  17).  In  rats  without  biliary  cannula,  excretion  in  the 
urine  was  higher  (Tables  16  and  17).  In  all  cases,  urine  was  red  and  bile 
was  dark  orange. 

High  concentrations  of  radioactivity  were  found  in  tissues,  espe¬ 
cially  in  the  blood,  liver,  kidney,  lung,  fat,  and  GI  tract  (Tables  16  and 

17) .  In  general,  radioactivity  in  most  tissues  was  higher  after  intratra¬ 
cheal  instillation  than  after  oral  administration.  Levels  of  14C  in  blood 
and  tissues  of  female  rats  were  about  two  times  higher  than  in  the  males. 
Radioactivity  was  concentrated  in  the  bile;  bile-to-liver  and  bile-to-blood 
concentration  ratios  were  high  after  both  routes  of  administration  (Table 

18) . 


A  comparison  of  the  tissue-to-blood  concentration  ratios  at  4  hr 
after  oral  or  intratracheal  administration  of  14C-TNT  is  shown  in  Table  19. 
Fat-to-blood  ratios  were  high  (3. 2-5. 3)  in  males  and  females  after  both 
routes  of  administration.  The  lungs  of  male  rats  also  showed  high  ratios 
after  oral  and  intratracheal  dosing.  The  ratios  in  liver  were  about  1.0  in 
males  and  less  than  1.0  in  females.  Ratios  less  than  1.0  were  demonstrated 
in  spleen,  brain,  and  muscle  of  all  treatment  groups. 


C .  Discussion 

There  are  three  possible  routes  for  TNT  to  enter  the  body:  inges¬ 
tion,  absorption  through  the  skin  or  via  the  lung,  or  any  combination  of 
these,  depending  on  the  type  of  exposure  involved.  Earlier  studies  have 
suggested  that  the  skin  is  the  chief  avenue  of  absorption.46  Voegtlin  et 
al.47  have  demonstrated  that  in  humans,  skin  absorption  takes  place  readily 
through  the  hands,  neck,  and  face;  oily  skin  and  sweat  favor  absorption. 
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Although  some  experiments  have  demonstrated  that  TNT  is  absorbed  when  intro¬ 
duced  as  dust  in  the  lower  air  passages,  Puntam  and  Herman46  suggested  that 
intoxication  via  the  respiratory  tract  rarely,  if  ever,  occurs. 

1.  Oral  absorption:  During  exposure  to  TNT,  the  powder  may  be 
ingested  by  mouth  and  gain  access  to  the  stomach.  TNT  workers  have  com¬ 
plained  about  a  bitter  taste  in  their  mouth.  When  two  human  subjects  re¬ 
ceived  daily  doses  of  1  mg/kg  of  TNT  for  four  successive  days,  3%  of  the 
total  amount  of  TNT  administered  was  recovered  from  the  urine  in  the  form 

of  2 ,6-dinitro-4-aminotoluene . 50  Experimentally,  guinea  pigs  fed  oral  doses 
of  TNT  with  milk  developed  diarrhea,  and  poisoning  symptoms  were  apparent 
for  3  to  14  days.51 

The  present  study  demonstrates  that  TNT  is  readily  absorbed  after 
oral  administration  to  rats,  mice,  rabbits,  and  dogs.  It  appears  that  the 
rabbits  and  dogs  absorb  more  TNT  than  do  rats  and  mice.  However,  the  extent 
of  absorption  can  be  only  approximated  from  our  recovery  data  since  the  ex¬ 
tent  of  biliary  excretion  and  enterohepatic  circulation  was  not  studied. 
Radioactivity  recovered  in  the  GI  tract  represents  a  balance  between  absorp¬ 
tion,  biliary  excretion,  and  intestinal  reabsorption. 

2.  Dermal  absorption:  TNT  was  reported  to  be  absorbed  through 
the  intact  skin  of  swine  as  indicated  by  the  presence  of  2 ,6-dinitro-4- 
aminotoluene  in  urine.52  Also,  Haythorn  reported  that  guinea  pigs  and  rab¬ 
bits  rubbed  repeatedly  with  10%  TNT  in  lanolin  showed  a  positive  Webster's 
test  (a  test  introduced  in  1916  by  Webster  which  has  been  used  to  detect 
TNT  in  human  urine  in  cases  of  intoxication)  and  liver  lesions.53  However, 
when  Haythorn  rubbed  TNT  powder  on  his  arm  for  several  consecutive  days,  he 
could  not  demonstrate  a  positive  Webster’s  test  and  did  not  feel  any  ill 
effects.53  In  another  study,54  powdered  TNT  was  rubbed  into  the  palms  of 
two  human  subjects  and  kept  under  rubber  gloves  for  8  hr;  traces  of  the 
metabolite  2 ,6-dinitro-4-aminotoluene  were  found  in  the  urine  collected 
during  the  exposure  and  for  15  hr  thereafter. 

The  dermal  experiments  performed  in  the  present  study  confirm  the 
potential  absorption  of  TNT  through  the  skin.  TNT  was  most  readily  absorbed 
by  rabbits,  followed  by  mice,  rats,  and  finally  dogs.  The  majority  of  the 
administered  dose  was  recovered  in  urine,  feces,  and  GI  tracts.  In  all 
species,  the  total  elimination  of  the  administered  radioactivity  was  lower 
following  dermal  application  than  after  oral  treatment. 

3.  Pulmonary  absorption:  Absorption  through  the  respiratory 
system  has  been  previously  examined  by  Haythorn.53  When  guinea  pigs  were 
exposed  to  fumes  of  volatilized  TNT  for  3  hr/day  for  30  days,  no  lesions 
ascribed  to  TNT  were  observed,  but  the  animals  died  from  the  heat  used  to 
volatilize  TNT.  In  another  series  of  experiments,  TNT  powder  was  introduced 
into  the  lungs  of  experimental  animals,  but  no  toxicity  developed.  This 
led  Haythorn  to  conclude  that  the  lung  is  unimportant  as  a  route  of  intoxi¬ 
cation  from  TNT.  Later,  however,  Von  Oettingen  and  his  colleagues  adminis¬ 
tered  TNT  to  dogs  by  insufflation  and  demonstrated  that  75%  of  the  dose  was 
absorbed  from  the  respiratory  tract.48 
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In  the  present  study,  extensive  absorption  was  demonstrated  when 
TNT  suspension  was  instilled  in  the  rat  trachea.  The  pharmacokinetic  be¬ 
havior  of  TNT  after  intratracheal  instillation  was  comparable  to  the  behavior 
usually  observed  after  intravenous  administration  of  other  xenobiotics. 

The  rate  of  absorption  was  considerably  faster  than  after  oral  administra¬ 
tion,  and  blood  levels  also  decayed  at  a  faster  rate.  Intratracheal  instil¬ 
lation  of  TNT  was  not  studied  in  mice,  rabbits,  or  dogs.  If  the  results  of 
the  rat  study  can  be  extrapolated  to  other  experimental  animals  and  humans, 
it  suggests  that,  when  TNT  powder  reaches  the  respiratory  tract,  absorption 
will  occur  at  a  fast  rate. 

The  dermal  and  oral  studies  were  terminated  after  24  hr,  but  the 
intratracheal  instillation  experiments  were  terminated  4  hr  after  dosing. 
Therefore,  no  data  are  available  for  direct  comparison  between  the  intra¬ 
tracheal  and  dermal  routes.  Blood  sampled  at  4  hr  after  dermal  treatment 
of  male  rats  showed  considerably  lower  levels  of  radioactivity  than  the 
levels  obtained  after  intratracheal  dosing.  However,  blood  levels  continued 
to  increase  between  4  and  24  hr  after  dermal  application;  after  intratracheal 
administration  these  levels  would  probably  decrease.  Therefore,  the  avail¬ 
able  data  indicate  that  the  rates  of  absorption  and  elimination  of  TNT  are 
highest  after  intratracheal  instillation  and  lowest  after  dermal  application. 

4.  Tissue  retention:  Voegtlin  et  al.  believed  that  TNT  is  re¬ 
tained  in  the  body  for  a  considerable  period  of  time,  as  indicated  by  the 
progressive  anemia  after  single  doses  of  TNT  and  by  the  slow  recovery  of 
the  animals.47  However,  when  Von  Oettingen  and  co-workers  administered  TNT 
to  dogs  by  insufflation  5  days/week  for  a  period  of  17  weeks,  significant 
amounts  of  TNT  or  its  metabolite,  2 ,6-dinitro-4-aminotoluene ,  were  not  found 
in  any  organ  or  tissue  examined  at  the  end  of  the  study.48  These  authors 
concluded  that  TNT  is  not  retained  to  any  considerable  extent  in  these  organs. 
Conclusions  from  these  early  studies  regarding  storage  or  excretion  of  TNT 
and  its  metabolites  are  hampered  by  the  insensitivity  of  the  methods  used 
to  examine  the  presence  of  either  TNT  or  the  reduced  metabolites,  amino- 
toluenes  . 


Although  the  experiments  in  the  present  studies  were  not  extended 
beyond  24  hr,  there  is  indication  that  retention  in  tissues  of  the  four 
species  examined  is  not  extensive.  The  extent  of  retention  and  storage  of 
radioactivity  did  differ,  however,  between  species  and  between  routes  of 
administration.  In  addition,  the  patterns  of  radioactivity  in  tissues  of 
rats  were  different  when  examined  at  4  hr  compared  to  24  hr  after  treatment. 
The  present  studies  were  performed  after  administering  single  doses  of  TNT. 
It  may  be  possible  that  after  repetitive  dosing  the  amounts  of  TNT  and/or 
its  metabolites  retained  in  the  various  tissues  would  differ  from  amounts 
retained  after  single  doses. 

5.  Urinary  excretion:  Based  on  Webster's  test,  it  was  suggested 
that  the  urine  was  the  main  route  of  excretion  for  TNT.  Studies  by  Lamberg 
and  Callaghan  indicated  that  20%  of  a  single  oral  dose  of  TNT  was  excreted 
in  the  urine  of  rats  as  diazotizable  aromatic  amino  compounds.55  Human 
volunteers  excreted  *v  40%  of  small  oral  doses  of  TNT  as  aromatic  amino  com¬ 
pounds  in  the  urine.  In  other  experiments,  humans  receiving  1  mg/kg/day  of 
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TNT  excreted  about  3%  of  the  ingested  dose  as  4-amino  and  2,4-diamino  prod¬ 
ucts;  concentration  of  these  metabolites  fell  almost  to  zero  within  24  hr 
after  the  last  dose.50  The  present  studies  demonstrated  that  after  oral 
administration  of  TNT  to  rats,  mice,  rabbits,  and  dogs,  large  portions  of 
the  administered  doses  were  excreted  in  the  urine.  After  intratracheal 
instillation,  extensive  elimination  occurred  through  the  urine  and  the  GI 
tract.  After  dermal  application,  dogs  and  rats  excreted  only  small  portions 
of  the  doses  in  the  urine  and  feces  within  24  hr.  On  the  other  hand,  rabbits 
and  mice  excreted  large  portions  of  the  doses  in  the  urine  and  feces;  these 
differences  in  excretion  may  be  due  solely  to  differences  in  the  rates  of 
absorption. 

Urine  from  humans  and  some  experimental  animals  given  TNT  contained 
a  red  pigment  which  was  believed  to  be  a  metabolic  product  of  TNT.56  Rats 
treated  with  a-TNT  (2,4,6-TNT)  or  with  2 ,4,^-trinitrobenzyl  alcohol  excreted 
the  red  pigment;  {3-TNT  (2,3,4-TNT),  y-TNT  (2,4,5-TNT),  and  several  other 
related  TNT  intermediates  did  not  cause  any  changes  in  color  of  the  urine.56 
In  the  present  studies,  the  bright  red  color  of  urine  was  observed  in  rats 
and  mice  treated  by  the  different  routes  of  administration.  Urine  of  dogs 
and  rabbits  treated  orally  or  dermally  contained  no  red  pigment  even  after 
treatment  with  high  doses  (50  or  100  mg/kg) .  This  seems  to  be  in  variance 
with  the  early  observations  by  Channon  et  al.,  who  reported  the  presence  of 
red  pigment  in  the  urine  of  rabbits  treated  orally  with  TNT.56  Their  expe¬ 
riments,  however,  were  repetitive  and  used  higher  doses  of  TNT. 

6.  Biliary  excretion:  Voegtlin  et  al.  suggested  that  TNT  was 
excreted  in  bile.47  Haythorn,  however,  could  not  obtain  a  positive  Webster's 
test  in  the  feces  of  any  animals  given  TNT  by  any  route  except  orally.53 
The  present  experiments  demonstrated  that  in  all  species  examined  biliary 
excretion  plays  a  major  role  in  the  disposition  of  TNT  as  indicated  by  the 
radioactivity  recovered  in  the  bile  of  bile  duct-cannulated  rats  or  in  the 
residual  bile  of  dogs  and  rabbits.  It  was  also  indicated  by  the  excretion 
of  radioactivity  in  feces  and  GI  tract  after  dermal  application  of  TNT  to 
rats,  mice,  rabbits,  and  dogs,  or  after  intratracheal  instillation  in  rats. 

The  enterohepatic  recycling  of  TNT  and/or  its  metabolites  (excre¬ 
tion  in  bile  followed  by  intestinal  absorption  and  reexcretion  in  urine  or 
feces)  was  suggested  by  the  higher  recovery  of  radioactivity  in  the  urine 
of  noncannulated  rats  than  in  urine  of  bile  duct-cannulated  rats.  In  addi¬ 
tion,  radioactivity  excreted  in  the  bile  of  rats  was  equal  to  or  more  than 
that  excreted  in  the  urine,  whereas  radioactivity  excreted  in  the  urine  of 
noncannulated  rats  was  more  than  that  recovered  in  the  feces  and  GI  tracts. 
Radioactivity  recovered  in  the  GI  tract  after  oral  dosing  represents  a  bal¬ 
ance  between  absorption,  excretion  in  bile,  and  intestinal  reabsorption. 

After  intratracheal  administration,  the  recovered  radioactivity  represents 
the  difference  between  biliary  excretion  and  intestinal  reabsorption;  only 
a  small  portion  of  the  dose  appears  to  be  excreted  through  the  intestinal 
wall . 
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VI.  METABOLIC  STUDIES 


A.  Methods 

1.  Extraction  and  cleanup  procedures:  For  the  chromatographic- 
separation  of  trinitrotoluene  (TNT)  and  its  metabolites,  urine  samples  were 
extracted  with  either  ethyl  acetate  or  ether.  The  efficiency  of  the  extrac¬ 
tion  was  examined  at  the  pH  of  the  raw  urine  (pH  7-8  for  rat,  mouse,  and 
dog  urine,  and  pH  9-9.5  for  rabbit  urine);  at  pH  6,  7,  or  8  by  adding  equal 
volumes  of  the  corresponding  phosphate  buffer  (0.2  M) ;  and  at  pH  4  or  5  by 
treatment  with  acetate  buffers  (0.2  M) .  Urine  samples  were  also  extracted 
after  adding  varied  amounts  of  dilute  acid  (hydrochloric  or  acetic)  or 
alkalis  (sodium  hydroxide  or  carbonate).  In  addition,  some  urine  samples 
were  extracted  successively  with  ethyl  acetate  under  acidic,  neutral,  and 
basic  conditions  and  the  extracts  were  pooled.  Early  in  the  study,  urine 
samples  were  treated  with  a  strong  acid  (5  N  hydrochloric  acid)  and  heated 
for  1  hr  at  100°C  prior  to  the  extraction  procedure.  This  method  was  aban¬ 
doned  later  in  view  of  the  demonstrated  instability  of  many  of  the  metabolic 
products  of  TNT  under  these  conditions. 

It  was  established  that  acidification  with  0.1  N  hydrochloric  acid 
(1/10  of  urine  volume)  before  extraction  with  ethyl  acetate  resulted  in  the 
highest  recovery.  Therefore,  the  method  routinely  used  involved  the  extrac¬ 
tion  of  urine  or  bile  samples  with  10  volumes  of  ethyl  acetate  after  acidi¬ 
fication  with  1/10  volume  of  dilute  hydrochloric  acid  (0.1  N) .  The  samples 
were  mixed  thoroughly  for  3  min  with  a  vortex  mixer  and  centrifuged.  The 
organic  extracts  were  separated,  dried  with  anhydrous  calcium  chloride,  and 
filtered.  To  assess  the  recovery  of  extractions,  aliquots  of  these  extracts 
(0.5  ml)  were  placed  in  counting  vials  and  counted  in  10  ml  of  scintillation 
cocktail.  This  extraction  procedure  was  repeated  three  times,  and  the  ex¬ 
tracts  were  pooled  and  evaporated  in  a  rotary  evaporator.  The  residues  were 
dissolved  in  small  volumes  (0.1  to  0.2  ml)  of  methanol,  ethyl  acetate,  or  a 
mixture  of  both  solvents  (1:1),  filtered  through  Millipore  filters,  and  used 
for  analyses  with  thin-layer  chromatograpy  and  high  performance  liquid  chro¬ 
matography. 

Some  urine  samples  were  lyophilized  (freeze-dried),  and  the  resi¬ 
dues  were  dissolved  in  methanol,  ethyl  acetate,  or  a  mixture  of  both  solvents 
(1:1).  These  were  centrifuged,  filtered  through  Millipore  filters,  and  used 
for  chromatographic  analysis.  Additional  urine  samples  were  purified  by 
using  XAD-2  (Amberlite)  resin.  The  urine  was  passed  through  the  resin  column, 
and  the  radioactivity  was  eluted  with  water  followed  by  methanol.  Radioac¬ 
tivity  was  counted  in  each  fraction  collected. 

2.  Enzyme  hydrolysis:  During  the  early  studies,  urine  samples 
were  acidified  with  5  N  hydrochloric  acid  and  heated  for  1  hr  to  hydrolyze 
the  conjugated  metabolites.  This  method  was  abandoned  later  after  it  was 
recognized  that  the  nature  of  TNT  metabolites  might  be  altered  by  this 
treatment.  The  hydrolysis  of  the  conjugated  metabolites  was  carried  out  by 
incubation  with  excess  p-glucuronidase  (type  II,  Sigma  Chemical  Company, 


St.  Louis,  Missouri)  at  a  final  concentration  of  about  20,000  units/ml,  after 
adjusting  the  urine  samples  to  pH  5  with  sodium  acetate-acetic  acid  buffer 
(0.2  M) .  Some  urine  samples  were  also  treated  with  aryl  sulfatase  (type  V, 
Sigma)  under  the  same  pH  conditions.  For  routine  analysis,  urine  or  bile 
samples  (1  to  2  ml)  were  mixed  with  equal  volumes  of  the  buffer,  and  the 
mixtures  were  treated  with  0.25  to  0.5  ml  of  liquid  p-glucuronidase  (type 
H-2,  100,000  units/ml)  which  also  contains  some  aryl  sulfatase.  The  reac¬ 
tion  mixtures  were  incubated  (37°C)  under  anaerobic  conditions  (N2)  for  24  hr 
in  a  Dubonoff  shaking  incubator  (100  cycles/min).  Urine  incubated  only  with 
the  acetate  buffer  served  as  control  (to  assess  the  nonenzymatic  hydrolysis). 

After  incubation,  the  reactions  were  terminated  by  the  addition 
of  0.5  ml  of  0.1  N  HC1  and  10  ml  of  ethyl  acetate  which  was  used  to  initiate 
the  extraction  process.  The  aqueous  layers  were  extracted  further  with  two 
10-ml  portions  of  ethyl  acetate.  The  extracts  were  pooled,  dried  with  anhy¬ 
drous  calcium  chloride,  and  filtered.  The  filtrates  were  evaporated  under 
vacuum,  and  the  residues  were  dissolved  in  0.1  to  0.2  ml  of  methanol,  ethyl 
acetate,  or  a  mixture  of  both  solvents  (1:1).  Portions  of  these  solutions 
were  used  for  the  characterization  of  TNT  metabolites  with  TLC  or  HPLC. 

Some  urine  samples  were  incubated  with  (3-glucuronidase  and  analyzed  with 
HPLC  without  prior  extraction  with  ethyl  acetate. 


3.  Fractionation  of  urinary  metabolites:  To  simplify  the  chro¬ 
matographic  profile  of  TNT  metabolites,  separation  of  these  metabolites  into 
several  major  subgroups  was  attempted.  Urine  samples  were  subjected  to  a 
series  of  extractions  with  ether  under  different  pH  conditions.  Several 
modifications  were  made  during  the  development  of  the  procedure,  shown  in 
the  following  diagrammatic  scheme.  The  ether  extracts  were  dried  with 
anhydrous  sodium  sulfate,  filtered,  and  evaporated  under  vacuum.  The  resi¬ 
dues  were  prepared  for  TLC  analysis.  The  remaining  aqueous  layer  (A3)  was 
acidified  and  incubated  with  (3-glucuronidase ,  and  the  extraction  process 
was  repeated.  To  calculate  recoveries,  portions  of  the  ether  and  aqueous 


solutions  were  placed  in  scintillation  vials,  mixed  with  10  ml  of  scintilla¬ 


tion  cocktail,  and  counted. 


For  comparison,  a  mixture  of  TNT  and  the  nine  available  standards 
of  potential  metabolites  listed  below  was  subjected  to  the  same  extraction 
procedure.  The  lack  of  solubility  of  some  of  these  metabolites  (especially 
the  azoxytoluene  derivative)  in  water  necessitated  the  addition  of  small 
amounts  of  methanol  (5%  of  the  total  volume).  After  extraction,  the  dif¬ 
ferent  ether  fractions  were  evaporated,  and  the  residues  were  subjected  to 
TLC  analysis. 

1.  Trinitrotoluene  (TNT) 

2.  Trinitrobenzyl  alcohol 

3.  Trinitrobenzoic  acid 

4.  4-Amino-2,6-dinitrotoluene 

5.  2-Amino-4,6-dinitrotoluene 

6.  4,6-Diamino-2-nitrotoluene 

7.  2 ,6-Diamino-4-nitrotoluene 

8 .  4-Hydroxy lamino- 2 , 6-dinitrotoluene 

9 .  2-Hydroxylamino-4 , 6-dinitrotoluene 

10.  2,6,2' ,6 ' -Tetranitro-4 ,4' -azoxytoluene 
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24-hr  Urine  (25  ml) 

Adjust  to  pH  7;  extract  with  ether  (3  x  100  ml) 

4 


A]  (A  =  Aqueous) 

Acidify  to  pH  2-3  (1  N  HC1), 
extract  with  ether  (3  x  100  ml) 
4 


(E  =  Ether) 


Adjust  to  pH  9-10 
(1  N  NaOH) 

Extract  with  ether 
(3  x  100  ml) 

4 
4 

A^ 

Adjust  to  pH  5.0 
(acetate  buffer), 
incubate  with  p- 
glucuronidase 
(24  hr) ,  acidify 
to  pH  2-3  (1  N  HC1) , 
extract  with  ether 
(continue  as  above) 


4 

la 


Extract  with  20%  HC1 
4 


(2  x  50  ml) 


4 

A* 

Adjust  to  pH  9 
(5  N  NaOH) 

Extract  with 

ether  (2  x  50  ml) 
4 


E& 


4 

E A 

Extract  with 
0.5  N  NaOH 
(2  x  50  ml) 


4 

Afi 


A-  Thin-layer  chromatography:  Precoated  silica  gel  G  plates 
(0.25  mm  thickness  on  aluminum  support)  purchased  from  Brinkmann  Instruments, 
Inc.  (Des  Plaines,  Illinois)  were  used  routinely  throughout  the  study.  Sam¬ 
ples  of  urine  or  bile  extracts  and  raw  or  lyophilized  urine  were  spotted 
(S  2.0  cm  from  the  bottom  of  the  plate)  and  developed  for  15  to  16  cm.  The 
following  solvent  systems  were  tested  for  their  ability  to  separate  TNT  and 
some  reference  standards  of  potential  metabolites: 


Solvent  I: 
Solvent  II: 
Solvent  III: 
Solvent  IV: 
Solvent  V: 
Solvent  VI: 
Solvent  VI I : 
Solvent  VIII 
Solvent  IX: 


n-Butanol : acetic  acid:water  (10:1:1,  v/v/v) 
Benzene:acetic  acid  (9:1,  v/v) 

Toluene : benzene : hexane  (10:10:5,  v/v/v) 
Ethyl  acetate:n-heptane  (9:1,  v/v) 
Benzene:ethyl  acetate  (4:1,  v/v) 
n-Butanol -.acetic  acid  (10:1,  v/v) 

Benzene :acetic  acid  (4:1,  v/v) 

Benzene : ethyl  acetate  (2:1,  v/v) 

Toluene : acetic  acid  (4:1,  v/v) 


For  routine  analysis,  solvent  systems  I  and  VII  were  used  for  de¬ 
veloping  different  TLC  plates.  Due  to  the  Occupational  Safety  and  Health 
Administration  (OSHA)  restrictions  on  the  use  of  benzene,  solvent  system 
VII  was  replaced  later  with  system  IX,  which  contains  toluene.  Samples  of 
pure  TNT  and  nine  reference  standards  of  potential  metabolites  (the  alcohol. 
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acid,  monoamines,  diamines,  hydroxylamines ,  and  azoxytoluene)  were  spotted 
and  developed  alongside  the  extracted  material.  After  development,  the 
plates  were  air-dried,  cut  into  1.0  cm  zones  (unless  otherwise  specified), 
and  placed  in  scintillation  vials.  Ten  milliliters  of  scintillation  cock¬ 
tail  (PCS,  Amersham)  were  added,  and  the  vials  were  mixed  thoroughly  with  a 
vortex  mixer  and  counted. 

Occasionally,  the  dried  plates  were  sprayed  with  Bratton-Marshal 1 
reagent  to  detect  the  presence  of  arylamines . 72  Nitro  compounds  were  de¬ 
tected  by  using  5%  diphenylamine  in  absolute  ethanol.73  The  presence  of 
hydroxylamines  was  examined  by  spraying  the  plates  with  triphenyltetrazolium 
chloride  (TTC)  in  the  presence  of  alkali  or  with  Benedict's  reagent.74 
Hydroxylamines  developed  a  purple  red  color  in  TTC  and  were  mildly  reducing 
to  Benedict's  reagent. 

5.  Gas-liquid  chromatography  (GLC):  A  Hewlett-Packard  Model 

5736-A  gas  chromatograph  equipped  with  a  flame  ionization  detector  was  used 
for  GLC.  Two  columns,  differing  in  polarity,  were  tested  for  the  separa¬ 
tion  of  TNT  and  potential  metabolites.  Column  A  was  a  stainless  steel 
column  (0.125  in.  ID  x  3  ft)  packed  with  10%  UCW-872  on  WAW-DMCS  (80-100 
mesh);  column  B  was  a  glass  column  (0.25  in.  ID  x  4  ft)  packed  with  1.5%  DC 

LSX-30295  and  1.5%  GE-XE-60  on  Gas  Chrom  Q  (60-80  mesh). 

6.  High  performance  liquid  chromatography:  A  Waters  Associates 

liquid  chromatograph  equipped  with  a  Model  U6K  injector,  Model  660  programmer, 
Model  6000  pumps,  and  Model  440  detector  (254  nm,  ultraviolet)  was  used. 

The  following  four  HPLC  systems  were  examined  for  their  ability  to  separate 

TNT  and  some  of  its  potential  metabolites.  System  1  was  regular  phase  chro¬ 
matography,  but  systems  2  to  4  utilized  the  counter-ion  reverse  phase  chro¬ 
matography.  System  4  was  selected  for  the  analysis  of  urinary  metabolites. 

System  1:  Column:  (J  Porasil,  300  x  4  mm  ID 

Solvent:  Isocratic  tetrahydrofuran  (THF):hexane  (5:95) 
for  5  min,  THF: hexane  (5:95  to  45:55)  in 
15  min,  after  30  min  programmed  from  THF : 
hexane  (45:55  to  70:30)  in  5  min 
Flow  rate:  1  ml/min 

System  2:  Column:  Cig  pBondapak,  300  x  4  mm  ID 

Solvent:  A--0.005  M  tetrabutylammonium  hydroxide 
(TBA)  in  water  adjusted  to  pH  7.5 
with  phosphoric  acid 

B--0.005  M  TBA  in  tetrahydrofuran,  to  which 
is  added  the  same  amount  of  phosphoric 
acid  as  used  in  solvent  A 
Flow  rate:  1  ml/min 
Program:  0  to  100%  B  in  15  min 
Program  type:  6  (linear) 
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System  3:  A  modification  of  system  2  to  obtain  better 
resolution. 

Column:  Cjg  pBondapak,  300  x  4  mm  ID 

Solvents:  A--0.005  M  TBA  in  water  adjusted  to  pH  7.5 
with  phosphoric  acid 

B — 0.005  TBA  in  methanol  to  which  is  added 
the  same  amount  of  phosphoric  acid 
used  in  A 

Flow  rate:  1  ml/min 

Program:  Isocratic  25%  B  for  30  min,  then  25  to  100%  B 
in  25  min 

Program  type:  9  (nonlinear) 

System  4:  A  modification  of  system  3  developed  to  retain  the  same 
resolution  but  to  allow  the  polar  urine  components 
(excipients)  to  be  eluted  at  the  solvent  front  before 
elution  of  the  compounds  of  interest.  The  following 
modifications  were  made  in  system  3: 

Program:  Isocratic  15%  B  for  20  min,  then  15  to  100%  B 

in  30  min 

Program  type:  6  (linear) 

Samples  of  urine  or  urine  extracts  (20  to  100  pi)  were  injected  into  the 
system,  and  fractions  of  0.4  to  0.8  ml  were  collected  for  liquid  scintilla¬ 
tion  counting. 


B.  Results 


1.  Extraction  and  cleanup  procedures:  Extraction  of  the  urine 
with  ether  or  ethyl  acetate  without  adjusting  the  pH  resulted  in  very  low 
recovery  of  radioactivity.  The  recovery  was  not  greatly  improved  by  treat¬ 
ing  the  mixture  with  0.2  M  phosphate  buffers  (pH  6,  7,  or  8),  but  addition 
of  acetate  buffer  (pH  4.0  or  5.0)  increased  the  amounts  extracted.  A  con¬ 
siderable  increase  in  the  recovered  radioactivity  was  achieved  by  the  use 
of  dilute  (0.1  N)  HC1  (1/10  volume  of  urine  sample)  followed  by  extraction 
with  ethyl  acetate  or  ether.  No  additional  radioactivity  was  obtained  when 
a  stronger  acid  was  used;  in  fact,  this  reduced  the  amount  of  extractable 
radioactivity  in  the  organic  solvent.  In  alkaline  medium  (NaOH  or  Na2C03), 
very  little  radioactivity  was  recovered.  When  urine  samples  were  extracted 
successively  with  ethyl  acetate  under  neutral,  alkaline,  and  acidic  condi¬ 
tions  and  the  extracts  combined,  the  recovery  was  only  slightly  higher  than 
that  obtained  under  mild  acid  conditions.  The  method  routinely  used  for 
urine  or  bile  extraction  involved  the  acidification  with  0.1  N  HC1  (1/10 
volume)  and  extraction  with  ethyl  acetate  three  times.  A  large  portion  of 
the  radioactivity  was,  however,  still  unextractable  under  these  conditions. 

When  urine  samples  were  lyophilized  and  the  residues  dissolved  in 
methanol,  ethyl  acetate,  or  a  mixture  of  both  solvents,  it  was  noted  that  a 


32 


major  portion  of  the  radioactivity  was  not  soluble.  Attempts  were  also  made 
to  purify  urine  samples  by  passing  them  through  a  column  of  XAD-2  (Amberlite) 
resin  and  eluting  with  water  followed  by  methanol.  It  was  hoped  that  the 
radioactivity  would  be  eluted  only  with  methanol.  This,  however,  was  not 
the  case;  the  major  portion  of  radioactivity  was  eluted  with  water.  There¬ 
fore,  this  procedure  was  abandoned. 

2.  Enzyme  hydrolysis:  Urine  samples  from  rats,  mice,  rabbits, 
and  dogs  were  hydrolyzed  by  incubation  with  (5-glucuronidase  (free  of  aryl 
sulfatase)  in  the  presence  of  acetate  buffer,  pH  5.0.  At  the  end  of  incu¬ 
bation,  samples  were  acidified  with  0.1  N  HC1  and  extracted  with  ethyl 
acetate.  Considerable  increases  in  the  extractable  radioactivity  occurred 
after  hydrolysis.  These  increases  were  not  detected  when  incubations  were 
performed  in  the  presence  of  both  3-glucuronidase  and  saccaro-1 ,4-lactone 
(10  pm),  an  inhibitor  of  the  (5-glucuronidase  enzyme.  This  indicated  that 
the  hydrolysis  of  the  glucuronide  conjugates  was  enzymatic.  Incubation 
with  aryl  sulfatase  did  not  increase  the  amount  of  extractable  radioactivity. 
Routine  hydrolysis  was  carried  out  with  (5-glucuronidase  which  contained  some 
aryl  sulfatase. 

The  amounts  of  ethyl  acetate-extractable  radioactivity  from  urine 
incubated  with  or  without  (5-glucuronidase  are  shown  in  Table  20.  The  amounts 
of  extractable  radioactivity  from  urine  of  each  species  were  not  different 
after  oral  or  dermal  administration  or  after  oral  or  intratracheal  adminis¬ 
tration  of  TNT.  Extractable  radioactivity  was  also  not  different  in  male 
or  female  rats.  Without  incubation  with  (5-glucuronidase ,  the  urine  from 
mice  contained  more  extractable  radioactivity  than  urine  from  rabbits,  dogs, 
or  rats.  Incubation  with  (5- glucuronidase  increased  the  extractable  radio¬ 
activity  of  urine  samples  from  all  species  regardless  of  route  of  adminis¬ 
tration.  The  ratios  of  extractable  radioactivity  after  incubation  with 
p-glucuronidase  to  that  without  incubation  with  (5-glucuronidase  were  low 
for  urine  from  mice  and  high  for  urine  from  rats,  rabbits,  and  dogs.  These 
results  suggest  that  the  urine  from  mice  contained  small  amounts  of  glucuro¬ 
nide  conjugates  of  TNT  metabolites  and  that  the  urine  from  rats,  rabbits, 
and  dogs  contained  large  amounts  of  the  conjugates. 

Bile  samples  from  rats,  rabbits,  and  dogs  were  also  extracted  with 
ethyl  acetate  after  incubation  without  or  with  p-glucuronidase.  The  results 
indicate  that  the  amount  of  radioactivity  extractable  in  ethyl  acetate  without 
hydrolysis  was  small  in  bile  from  the  three  species.  Considerable  increases 
in  the  extractable  radioactivity  occurred  after  incubation  with  p-glucuronidase , 
suggesting  that  bile  contained  large  amounts  of  glucuronide  conjugates.  No 
major  differences  were  demonstrated  in  the  amounts  extracted  from  bile  of 
orally  or  intratracheally  treated  rats,  and  orally  or  dermally  treated  rabbits 
and  dogs  (Table  21). 

3.  Fractionation  of  urinary  metabolites:  Because  of  the  closely 
related  chemical  structures,  the  similar  solubilities,  and  the  amphoteric 
nature  of  several  metabolic  products  of  TNT,  complete  separation  of  these 
metabolites  would  not  be  expected  to  occur  by  simple  extraction.  Therefore, 
a  method  was  worked  out  to  separate  the  metabolites  in  urine  into  several 
subgroups  according  to  their  solubility  in  organic  and  aqueous  solvents  at 
different  pH  conditions. 
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A  mixture  of  TNT  and  nine  potential  metabolites  was  subjected  to 
the  extraction  procedure.  The  organic  fractions  were  analyzed  with  TLC  to 
determine  the  recovery  of  each  compound  in  each  fraction.  As  shown  in 
Figure  5,  TNT  and  some  potential  metabolites  were  extractable  to  different 
extents  in  ether  (E j )  before  acidification.  None  of  the  trinitrobenzoic 
acid  was  extractable  until  after  acidification.  In  this  fraction  (E2),  all 
the  acid  and  most  of  the  monoamines,  hydroxylamines ,  alcohol,  and  azoxytoluene 
were  recovered.  Some  of  the  diamines  and  TNT  were  also  present.  Most  of 
the  diamines,  however,  and  some  of  the  monoamines  were  present  in  the  basic- 
fraction,  E3.  When  the  E2  fraction  was  extracted  with  20%  hydrochloric  acid, 
all  the  monoamines  and  diamines  present  in  this  fraction  were  removed  into 
the  acid  (A4).  Ether  extraction  of  A4,  after  alkalinization  with  NaOH,  re¬ 
moved  all  the  monoamines  and  diamines  into  E5.  Compounds  remaining  in  E4 , 
which  are  the  acid,  most  of  the  hydroxylamines,  alcohol,  and  azoxytoluene, 
in  addition  to  some  TNT,  were  extracted  with  NaOH.  The  acid  and  most  of 
the  hydroxylamines  were  removed  into  the  aqueous  fraction,  Ag-  The  remain¬ 
ing  ether  extract  (Eg)  contained  the  alcohol,  the  azoxytoluene,  some  of  the 
hydroxylamines  and  TNT. 

Results  from  Figure  5b  show  that  the  Ej  fraction  of  the  urine  sam¬ 
ples  contained  very  low  radioactivity,  ranging  from  4.6%  in  rat  urine  to 
11.0%  in  dog  urine  obtained  after  oral  administration  of  TNT.  The  extract- 
able  radioactivity  was  higher  in  urine  of  rats  (10.7%)  and  dogs  (16.1%)  ob¬ 
tained  after  dermal  application.  The  extractable  radioactivity  from  urine 
of  mice  and  rabbits  remained  about  the  same  after  both  routes  of  administra¬ 
tion.  In  all  species,  most  of  the  radioactivity  remained  in  the  aqueous 
solution,  Aj.  Acidification  of  this  solution  with  dilute  HC1  increased 
considerably  the  recovery  of  radioactivity  in  the  ether  extract.  Recoveries 
from  urine  of  orally  treated  animals  in  the  E2  fraction  ranged  from  32.6 % 
for  rabbits  to  51.4%  for  mice.  The  amounts  extracted  from  urine  of  dermally 
treated  animals  ranged  from  22.8%  for  dogs  to  38.5%  for  mice  and  rabbits. 

About  40  to  60%  of  the  initial  radioactivity  in  urine  samples  remained  in 
the  aqueous  solution,  A2. 

When  this  solution  (A2)  was  adjusted  to  pH  9-10  and  extracted 
with  ether,  only  small  portions  of  the  radioactivity  were  extractable  (E3) . 
These  ranged  from  1.4  to  2.6%  for  urine  obtained  after  oral  administration 
and  0.6  to  1.9%  for  urine  obtained  after  dermal  application.  The  aqueous 
fractions,  A3,  which  seemed  to  contain  conjugated  metabolites,  were  treated 
with  acetate  buffer  (pH  5.0)  and  incubated  with  p-glucuronidase ,  then  sub¬ 
jected  to  ether  extractions  as  described  above.  The  extraction  performed 
after  hydrolysis  with  fl-glucuronidase  was  attempted  with  urine  samples  from 
rats  and  rabbits.  However,  after  it  was  apparent  that  the  metabolic  profiles 
after  p-glucuronidase  hydrolysis  were  almost  identical  to  those  obtained 
without  p-glueuronidase  treatment,  successive  extraction  and  analysis  of 
metabolites  after  hydrolysis  were  discontinued. 

The  radioactivity  in  the  E2  fractions  was  extracted  with  20%  HC1 . 
Considerable  portions  of  the  radioactivity  were  transferred  to  the  acid  1  rac- 
tions  (A4).  The  amounts  ranged  from  7.3%  in  urine  of  rabbits  to  14.3%  in 
urine  of  mice  obtained  after  oral  administration,  and  from  5.1%  in  urine  of 
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dogs  to  11.8%  in  urine  of  mice  obtained  after  dermal  application.  Most  of 
the  radioactivity,  however,  remained  in  ether  (E4).  These  averaged  24.6  to 
37.8%  of  the  activity  in  urine  after  oral  administration  and  17.7  to  27.5% 
in  urine  after  dermal  application.  The  aqueous  solutions  (A4)  were  made 
alkaline  (pH  9)  and  again  extracted  with  ether.  Only  small  portions  (1.0 
to  6.2%)  of  the  metabolites  were  extractable  in  ether  (E5).  Most  of  the 
radioactivity  (3.9  to  10.3%)  remained  in  the  aqueous  solutions  (A5).  The 
radioactivity  in  E4  fractions  was  subjected  to  additional  extraction  with 
0.5  N  NaOH.  Large  portions  of  the  metabolites  were  removed  into  the  alka¬ 
line  solution  (Ae)  ranging  from  16.7  to  31.8%  (oral)  to  13.3  to  22.6%  (dermal). 
Smaller  amounts  remained  in  the  ether  fractions  (E6)  ranging  from  6.7  to 
15.1%  and  2.2  to  11.3%  in  urine  obtained  after  oral  and  dermal  administra¬ 
tion,  respectively. 


Thin-layer  chromatography 


Nine  TLC  solvent  systems  were  used 


to  achieve  separation  of  TNT  and  some  potential  metabolites.  The  R^.  values 
of  these  compounds  in  some  of  the  systems  are  shown  in  Table  22.  Only  sol¬ 


vents  I,  II,  V,  VII,  and  IX  were  found  satisfactory,  although  no  one  solvent 
alone  could  completely  resolve  the  available  potential  metabolites.  The 
polar  solvent  system  I  was  advantageous  for  separation  of  trinitrobenzoic 
acid  and  the  diamino  derivatives,  which  have  low  values  with  the  other 
solvents.  TNT  and  the  other  potential  metabolites  showed  better  separation 


with  the  less  polar  solvents  II,  V,  VII,  and  IX.  Solvent  systems  I  and  VII 


were  chosen  for  routine  analysis.  Later,  solvent  VII  was  replaced  by  solvent 
IX,  which  contains  toluene  instead  of  benzene. 


a.  Pilot  studies:  Pilot  TLC  studies  were  performed  on  ethyl 
acetate  extracts  from  urine  samples  of  rats,  rabbits,  and  dogs  treated  orally 
with  14C-TNT.  The  TLC  profiles  of  these  extracts  are  shown  in  Figures  6 
(rats),  7  (rabbits)  and  8  (dogs).  The  use  of  spray  reagents  coupled  with 
the  R^  values  helped  in  the  detection  of  certain  metabolic  products,  e.g., 
the  amines  and  hydroxylamines .  Rat  urine  extracts  demonstrated  a  complex 
metabolic  pattern  (Figure  6),  and  many  of  the  metabolites  were  not  identi¬ 
fied.  The  presence  of  large  amounts  of  diamines  (more  of  4,6-diamino  and 
less  of  2,6-diamino  derivatives)  and  monoamines  (2-amino  and/or  4-amino) 
was  confirmed  with  the  positive  reaction  to  Bratton-Marshall  reagent.  Areas 
on  the  plates  other  than  those  of  the  diamines  and  monoamines  also  responded 
positively  to  the  reagent,  but  the  identities  of  products  located  in  these 
areas  are  not  known.  A  feeble  reaction  with  the  TTC  spray  reagent  at  the 
R,  value  of  the  4-hydroxylamino  suggested  its  presence  in  small  amounts. 

The  TLC  profiles  also  suggested  the  presence  of  the  alcohol,  the  acid, 
minute  amounts  of  the  azoxytoluene ,  and  the  parent  compound  (TNT). 

The  TLC  profile  of  rabbit  urine  (Figure  7)  indicated  the 
presence  of  several  metabolic  products.  Compared  to  rats,  larger  amounts 
of  the  two  monoamines  were  present  in  rabbit  urine.  Their  presence,  as  well 
as  that  of  the  diamines,  was  confirmed  by  a  positive  Bratton-Marshall  reac¬ 
tion.  The  presence  of  the  4-hydroxylamines  as  well  as  small  amounts  of  the 
2-hydroxylamines  was  suggested  by  their  position  (R,)  on  the  TLC  plates  and 
by  a  positive  red  color  after  spraying  with  TTC  reagent.  As  indicated  ear¬ 
lier  for  the  rat,  the  presence  of  the  acid,  the  alcohol,  and  possibly  minute 
quantities  of  the  azoxytoluene  and  TNT  was  suggested  by  their  positions  on 
the  TLC  plates. 
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Dog  urine  (Figure  8)  contained  a  large  amount  of  the  4,6- 
diamine  and  less  of  the  2,6-diamine  and  the  monoamine  derivatives.  The  TLC 
profiles  also  suggested  the  presence  of  the  acid,  the  alcohol,  and  minute 
amounts  of  the  4-hydroxylamine ;  the  latter  was  indicated  by  the  feeble  re¬ 
action  with  TTC  and  Benedict's  reagents. 

Urine  samples  from  rats,  rabbits,  and  dogs  were  hydrolyzed 
with  ft-glucuronidase,  and  the  mixtures  were  extracted  with  ethyl  acetate. 
Figure  9  shows  the  TLC  of  the  ethyl  acetate  extracts  of  rat  urine  incubated 
with  either  acetate  buffer  (Figure  9a)  or  the  buffer  plus  p-glucuronidase 
(Figure  9b).  The  only  difference  between  the  urinary  profiles  of  both  ex¬ 
tracts  is  the  presence  of  a  stronger  peak  at  Rf  value  of  about  0.19  after 
incubation  with  p-glucuronidase  (Figure  9b,  solvent  VII).  This  peak  corre¬ 
sponds  to  the  4,6-diamine  reference  metabolite.  The  profile  of  metabolites 
in  hydrolyzed  rabbit  urine  showed  only  slight  quantitative  differences  from 
the  nonhydrolyzed  urine  (Figure  10),  whereas  profiles  in  dog  urine  were  the 
same  after  incubation  with  or  without  p-glucuronidase  (Figure  11).  Among 
species,  major  quantitative  and  probably  qualitative  differences  occurred 
between  urine  profiles  of  rabbits  on  the  one  hand  and  dogs  and  rats  on  the 
other. 


b.  Definitive  studies:  TLC  studies  were  performed  on  sam¬ 
ples  of  raw  urine,  lyophilized  urine,  and  extracts  of  urine  and  bile  obtained 
from  different  species.  The  TLC  plates  were  developed  with  either  the  polar 
solvent  I  or  the  less  polar  solvent  IX.  Radioactivity  on  the  plates  was 
processed  by  a  computer  program  developed  in  our  laboratory  to  obtain  the 
profiles  described  below. 

Figure  12  shows  the  TLC  profiles  obtained  from  raw  urine  of 
rats  and  mice  treated  orally,  dermally,  or  intratracheal ly  wi th^^C-TNT . 

Urine  of  male  rats  showed  the  presence  of  several  metabolites  (Figure  12a), 
most  of  which  were  more  polar  than  TNT,  but  a  few  which  were  less  polar. 

Only  small  portions  of  the  radioactivity  developed  with  the  less  polar  sol¬ 
vent  IX.  Urine  from  female  rats  (Figure  12b)  behaved  similarly  except  that 
larger  amounts  remained  at  the  origin  after  developing  with  solvent  1.  Urine 
obtained  from  dermally  treated  male  rats  (Figures  12c  and  d)  demonstrated 
the  presence  of  some  TNT  and/or  tetranitroazoxytoluene .  Some  TNT  and/or 
tetranitroazoxytoluene  were  also  noted  in  the  4-hr  urine  obtained  after  oral 
treatment  of  male  rats  with  TNT  (Figure  12e).  The  profiles  of  24-hr  (Figure 
12a)  and  4-hr  (Figure  12e)  urine  after  oral  dosing  were  qual i tatively  simi¬ 
lar.  However,  there  appeared  to  be  some  differences  between  the  metabolic 
profiles  of  4-hr  urine  obtained  from  orally  (Figure  12e)  and  intratrachea  1 1 y 
(Figure  1 2 f )  treated  rats.  Male  mice  treated  orally  or  dermally  showed  sim¬ 
ilar  profiles  (Figures  12g  and  h),  which  were  different,  at  least  quantita¬ 
tively,  from  profiles  obtained  from  rat  urine  (Figure  12a).  Peaks  at  the 
origin  in  solvent  I  were  stronger  in  the  profiles  for  mice.  Identity  of 
any  of  the  metabolites  cannot  be  suggested  from  these  profiles  since  most 
of  the  radioactivity  remained  at  the  origin  in  the  less  polar  solvent  IX. 
However,  the  strong  positive  reactions  which  developed  after  spraying  with 
Bratton-Marshall  reagent  indicated  the  presence  of  mono-  and  diamines  among 
the  metabolites  excreted  from  rats  and  mice  after  oral  and  dermal  treatment 
with  TNT.  No  clear  positive  test  was  indicated  after  spraying  the  plates 
with  a  solution  of  TTC  in  sodium  hydroxide,  which  detects  the  hydroxylamines . 
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The  TLC  profiles  of  lyophilized  urine  obtained  from  rats, 
mice,  or  rabbits  arc  shown  in  Figure  13.  Compared  to  raw  urine,  radioactiv¬ 
ity  in  lyophilized  urine  demonstrated  more  tendency  to  migrate  in  both  sol¬ 
vents.  No  radioactivity  remained  at  the  origin  in  solvent  I.  Urinary  pro¬ 
files  of  male  rats  (Figure  13a)  and  female  rats  (Figure  13b)  treated  orally 
were  qualitatively  similar.  Urine  from  dermally  treated  rats  showed  some 
qualitative  and  quantitative  differences.  The  presence  of  peaks  correspond¬ 
ing  to  the  parent  compound  (TNT)  and  the  azoxytoluene  was  more  apparent  in 
dermally  treated  animals  (Figures  13c  and  d).  Urine  obtained  from  male  mice 
showed  the  presence  of  several  metabolites  (Figure  13e) .  A  medium-sized 
peak  between  0.4  and  0.5  was  composed  of  mostly  the  monoamines  (as  indi¬ 
cated  by  a  positive  reaction  with  Bratton-Marshall  reagent),  some  hydroxyl- 
amines  (a  feeble  red  color  after  TTC),  and  probably  some  benzyl  alcohol 
derivative.  Urine  from  dermally  treated  mice  showed  stronger  peaks  corres¬ 
ponding  to  TNT  and  the  azoxytoluene  (Figure  13f).  Rabbit  urine  obtained 
after  both  oral  and  dermal  treatment  (Figures  13g  and  h)  demonstrated  strong 
peaks  corresponding  to  the  R^.  values  of  the  diamines  (4,6-  and  2,6-diamino- 
toluenes)  which  gave  positive  reactions  with  Bratton-Marshall  reagent.  In 
the  less  polar  solvent  IX,  only  small  amounts  of  the  monoamines  (4-amino 
and  2-amino-dinitrotoluene)  were  present.  Small  amounts  of  the  4-hydroxyl- 
amine  derivative  were  also  demonstrated  in  rabbit  urine,  but  little,  if  any, 
of  the  azoxytoluene  was  present. 

In  another  experiment,  lyophilized  urine  from  the  four  dif¬ 
ferent  species  was  processed  by  TLC,  and  the  plates  were  cut  into  0.5-cm 
zones  (Figure  14).  Migration  of  metabolites  from  the  origin  of  the  plates 
was  demonstrated  only  with  solvent  I;  most  of  the  radioactivity  remained  at 
the  origin  with  the  less  polar  solvent  IX.  Urine  from  male  rats  (Figures 
14a  and  c)  seemed  to  have  similar  profiles  to  that  from  females  (Figures 
14b  and  d),  whether  dosing  was  oral  or  dermal.  Urine  from  mice  (Figures 
I4e  and  f)  also  showed  similar  profiles  after  oral  and  dermal  treatment. 

The  strong  peak  at  R^  0.34  of  rabbit  urine  (Figure  I4g)  appears  to  be  an 
artifact.  Some  differences  were  demonstrated  in  the  profiles  of  urine  ob¬ 
tained  from  dogs  after  oral  and  dermal  dosing  (Figures  14k  and  1).  With 
solvent  I,  most  radioactivity  remained  near  the  origin  after  oral  adminis¬ 
tration  (Figure  14k) ;  after  dermal  application  the  radioactivity  migrated 
readily  (Figure  141). 

Figure  15  shows  the  TLC  of  the  ethyl  acetate-extractable 
material  obtained  from  rat  urine  incubated  with  water,  p-glucuronidase ,  or 
aryl  sulfatase.  With  the  more  polar  solvent  I,  all  the  activity  as  well  as 
the  reference  metabolites  migrated  from  the  origin  of  the  plates.  Several 
metabolites  could  be  demonstrated  after  developing  with  both  solvents  I  and 
IX.  The  presence  of  the  monoamines  (4-amino  and/or  2-amino  derivatives) 
was  clearly  demonstrated  (Figure  15a).  Only  small  amounts  of  the  diamino 
derivatives  were  detected.  The  presence  of  small  amounts  of  the  4-  and 
2-hydroxylamines  was  suggested  by  the  feeble  reactions  obtained  after  spray¬ 
ing  with  TTC  or  with  Benedict's  reagent.  Although  incubation  with  p-glucu¬ 
ronidase  increased  considerably  the  amounts  of  radioactivity  extractable  in 
ethyl  acetate,  there  was  no  apparent  change  in  TLC  profiles  with  both  solvents 
(Figure  15b).  On  the  other  hand,  incubation  with  aryl  sulfatase  caused  no 
change  in  the  amounts  of  ethyl  acetate-extractable  radioactivity  but  seemed 


37 


to  alter  the  metabolic  profiles  of  both  solvents  (Figure  15c).  There  seemed 
to  be  a  considerable  increase  in  the  peaks  which  corresponded  to  the  di amino 
derivatives.  TLC  profiles  of  urine  from  female  rats  without  or  with  enzyme 
hydrolysis  were  similar  to  those  of  male  rats  (Figures  15d,  e,  and  f). 

The  TLC  profiles  of  the  ethyl  acetate-extractable  material 
from  urine  of  male  rats  treated  orally  or  dermally  with  ^C-TNT  are  compared 
in  Figure  16.  After  oral  administration,  these  metabolites  in  urine  migrated 
readily  in  solvent  I  (Figures  16a,  e,  and  k) .  However,  most  of  the  metabo¬ 
lites  were  highly  polar  and  remained  at  the  origin  in  the  less  polar  solvent 
IX.  The  presence  of  diamino  and  monoamino  derivatives  was  readily  demon¬ 
strated.  Quantitative  determination  was  not  possible.  Positive  tests  to 
TTC  and  Benedict's  reagents  suggested  the  presence  of  small  amounts  of  the 
hydroxy lamines .  However,  no  azoxytoluene  or  TNT  was  demonstrated.  From 
the  TLC  profiles,  it  appeared  that  the  alcohol  and  the  acid  were  present  in 
small  quantities.  After  hydrolysis  with  p-glucuronidase,  only  slight  dif¬ 
ferences  in  the  metabolic  profiles  were  noted  (Figures  16b,  f,  and  1). 

Less  radioactivity  was  recovered  at  the  origin  in  solvent  IX.  Still,  how¬ 
ever,  it  constituted  65%  of  the  activity  applied  on  the  plate.  Urine  ob¬ 
tained  from  rats  treated  dermally  behaved  similarly  (Figures  16c,  d,  g,  h, 
m,  and  n) .  Although  the  extracted  radioactivity  was  higher  after  p-glu- 
curonidase  hyrolysis,  the  metabolic  profiles  did  not  change  considerably, 
and  a  major  portion  of  the  activity  still  remained  at  the  origins  of  the 
plates  with  solvent  IX.  When  urine  samples  from  different  rats  treated 
orally  or  dermally  were  compared,  only  slight  quantitative  differences 
seemed  to  be  demonstrated.  Some  urine  samples  from  dermally  treated  rats 
showed  higher  excretion  of  the  parent  compound,  TNT. 

The  profiles  of  urinary  metabolites  obtained  from  female  rats 
are  shown  in  Figure  17.  No  apparent  qualitative  differences  were  noted  be¬ 
tween  urine  profiles  of  males  and  females.  As  noted  in  males,  urine  from 
dermally  treated  female  rats  showed  slightly  higher  excretion  of  the  parent 
compound,  TNT. 


The  ethyl  acetate  extracts  obtained  from  the  4-hr  urine  of 
male  rats  are  shown  in  Figure  18.  These  rats  were  treated  with  14C-TNT  oralLy 
or  intratracheally .  Bile  was  collected  at  the  same  time  through  a  biliary 
cannula.  Qualitatively,  the  metabolic  profiles  of  these  urine  samples  showed 
similarity  to  those  of  the  24-hr  urine  (Figure  16).  Quantitatively,  however, 
stronger  peaks  in  the  area  of  0.4  to  0.6  (solvent  I)  were  present  in  the 
4-hr  urine.  Hydrolysis  with  p-glucuronidase  increased  the  extractable  radio¬ 
activity  but  had  no  apparent  effect  on  the  pattern  of  metabolites  (Figures 
18a  and  b).  Urine  profiles  from  intratracheally  treated  rats  showed  some 
differences  from  urine  profiles  after  oral  dosing  (Figures  18c  and  d).  The 
presence  of  the  diamines,  the  monoamines,  and  small  amounts  of  the  hydroxyl- 
amines  was  confirmed  by  the  positive  response  to  the  chemical  spray  reagents. 

The  TLC  profiles  of  4-hr  urine  obtained  from  female  rats 
treated  orally  or  intratracheally  are  shown  in  Figure  19.  As  noted  in  urine 
of  male  rats,  the  metabolic  pattern  in  solvent  I  was  different  from  that 
obtained  for  the  24-hr  urine  samples  (Figure  16).  The  TLC  profiles  obtained 
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from  urine  of  orally  treated  animals  (Figures  19a  and  b)  were  distinctly 
different  from  those  of  urine  obtained  after  intratracheal  dosing  (Figures 
19c  and  d) .  This  difference  was  noted  in  both  solvents  I  and  IX. 

Figure  20  shows  the  TLC  profiles  of  the  ethyl  acetate-extract¬ 
able  material  obtained  from  urine  of  male  mice.  Profiles  in  both  solvents 
I  and  IX  indicate  that  extensive  metabolism  of  TNT  occurred  in  mice.  Hydroly¬ 
sis  with  p-glucuronidase  (Figures  20b,  d,  f,  h,  k,  and  1)  did  not  cause  any 
major  changes  in  the  metabolic  patterns  as  compared  with  those  without  hy¬ 
drolysis  (Figures  20a,  c,  e,  and  g) .  Urine  from  dermally  treated  mice 
(Figures  20a,  b,  e,  f,  and  1)  was  not  qualitatively  different  from  that  ob¬ 
tained  after  oral  dosing  (Figures  20c,  d,  g,  h,  and  k).  Major  differences 
between  the  urine  from  mice  (Figure  20)  and  rats  (Figure  16)  were  the  pres¬ 
ence  of  less  polar  metabolites  at  the  origin  of  the  TLC  plates  for  mice, 
fewer  diamino  derivatives,  but  more  of  the  monoamines,  hydroxylamines ,  and 
probably  the  alcohol. 

The  urinary  TLC  profiles  of  the  ethyl  acetate  extracts  ob- 
tained  from  male  rabbits  treated  with  TNT  are  shown  in  Figure  21.  As  was 
noted  for  rat  and  mouse  urine,  rabbit  urine  without  hydrolysis  contained 
several  metabolic  products  (Figures  21a,  c,  e,  g,  k,  and  m) ,  many  of  which 
were  highly  polar.  Quantitatively,  rabbit  urine  contained  larger  amounts 
of  the  monoamines  than  did  mouse  urine.  The  2,6-  and/or  2,4-diamino  deriva¬ 
tives  were  also  present.  Positive  tests  with  TTC  and  Benedict's  reagents 
confirmed  the  presence  of  the  4-hydroxylamine  and  to  a  lesser  extent  the 
2-hydroxylamine.  TLC  profiles  also  suggested  the  presence  of  the  alcohol 
and  the  acid,  but  this  could  not  be  confirmed.  Of  significance,  TNT  and 
the  azoxytoluene  were  absent.  In  earlier  studies,  the  hydroxylamines  were 
found  to  decompose  during  the  extraction  processes  leading  to  the  azoxytol¬ 
uene.  The  same  metabolic  profiles  were  obtained  after  incubation  of  rabbit 
urine  with  p-glucuronidase  (Figures  21b,  d,  f,  h,  1,  n,  o,  and  p).  In  addi¬ 
tion,  profiles  obtained  from  urine  of  dermally  treated  rabbits  (Figures  21c, 
d,  g,  h,  m,  n,  and  p)  were  similar  to  those  of  orally  treated  rabbits  (Fig¬ 
ures  21a,  b,  e,  f,  k,  1,  and  o),  although  smaller  amounts  of  the  acid  seemed 
to  be  present  in  urine  after  dermal  treatment. 

The  TLC  profiles  of  urine  samples  obtained  from  male  dogs 
treated  orally  or  dermally  are  shown  in  Figure  22.  The  metabolic  profiles 
of  urine  from  dogs  were  qualitatively  similar  to  those  obtained  from  rats 
and  mice.  The  presence  of  the  monoamines,  diamines,  and  hydroxylamines  was 
confirmed  by  the  positive  reactions  with  Bratton-Marshall ,  TTC,  and  Benedict's 
reagents.  No  apparent  differences  were  observed  in  the  metabolic  patterns 
of  urine  incubated  with  water  or  with  p-glucuronidase.  Urine  from  dermally 
treated  dogs  (Figures  21c,  d,  g,  h,  and  1)  appeared  to  contain  less  polar 
material  at  the  origin  of  solvent  IX  and  less  acid  as  shown  in  solvent  I . 

The  aqueous  nonextractable  material  remaining  after  ethyl 
acetate  extraction  of  rat,  rabbit,  and  dog  urine  was  evaporated  under  N2, 
then  subjected  to  TLC  analysis  using  the  two  solvent  systems  I  and  IX.  Al¬ 
though  some  of  the  radioactivity  migrated  from  the  origin  in  solvent  I,  most 
remained  at  the  origin  in  both  solvents  I  and  IX  (Figure  23).  Reaction  with 
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Bratton-Marshall  reagent  suggested  that  only  minute  amounts  of  free  amines 
were  present  in  these  aqueous  fractions.  Positive  response  to  the  reagent 
was  detected  in  the  areas  corresponding  to  the  diamines.  These  diamines  are 
basic  and  are  expected  to  remain  in  the  aqueous  phases  after  acidifir at  ion 
with  hydrochloric  acid.  Some,  however,  were  detected  in  ethyl  acetate  ex¬ 
tracts.  No  hydroxylamines  were  detected  after  spraying  the  plates  with  TTC 
or  Benedict's  reagents. 

Figure  24  shows  the  TLC  profiles  of  TNT  metabolites  in  bile 
of  rabbits  and  dogs.  These  bile  samples  were  extracted  with  ethyl  acetate 
after  acidification  with  dilute  hydrochloric  acid.  The  extracted  bile  sam¬ 
ples  migrated  readily  with  solvent  I  but  to  a  lesser  extent  with  solvent  IX. 
The  monoamines  and,  to  a  lesser  extent,  the  diamines  and  hydroxylamines, 
were  detected  in  rabbit  bile  (Figure  24a).  Minute  amounts  of  TNT  were  also 
present.  In  dog  bile  (Figure  24b),  there  was  less  radioactivity  remaining 
at  the  origin  of  solvent  I  than  in  rabbit  bile.  The  monoamines,  diamines, 
and  hydroxylamines  were  detected  in  dog  bile  obtained  after  oral  treatment 
with  TNT.  The  presence  of  the  acid,  alcohol,  and  TNT  was  suggested  from 
their  migration  alongside  the  authentic  metabolites.  Hydrolysis  with  p- 
glucuronidase  did  not  markedly  alter  the  metabolic  profiles  of  dog  bile 
(Figure  24c).  After  dermal  application  of  TNT,  dog  bile  contained  fewer 
polar  metabolites  and  more  of  the  parent  compound,  TNT  (Figures  24d  and  e) . 
The  aqueous  extracts  obtained  from  dog  bile  (Figure  2 1 f )  contained  highly 
polar  metabolites.  Except  for  the  presence  of  some  diamines  (positive  with 
Bratton-Marshall  reagent),  most  of  these  metabolites  were  not  identified. 

c.  Fractionated  urinary  metabolites:  Urine  samples  from 
rats,  mice,  rabbits,  and  dogs  were  extracted  with  ether  at  different  pH  con¬ 
ditions  in  order  to  fractionate  the  urinary  products  into  subgroups  according 
to  their  neutral,  acidic,  or  basic  characteristics  (see  Figure  5a).  The 
ether  extracts  (Ej-Ee)  were  evaporated  and  subjected  to  TLC  analysis.  A 
parallel  experiment  was  performed  in  which  TNT  and  nine  potential  metabolites 
were  fractionated  between  the  organic  and  aqueous  phases.  Recoveries  of 
various  compounds  in  the  ether  extracts  were  described  in  detail  in  an  ear¬ 
lier  section  and  are  summarized  as  follows:  Ej  contained  large  amounts  of 
TNT,  some  of  the  monoamines,  hydroxylamines,  trinitrobenzyl  alcohol,  and 
azoxytoluene ,  and  small  amounts  of  the  diamines.  E2  contained  all  the  tri- 
nitrobenzoic  acid,  most  of  the  monoamines,  hydroxylamines,  alcohol,  and 
azoxytoluene,  and  some  of  the  diamines  and  TNT.  The  basic  fraction  E3  had 
most  of  the  diamines  and  some  of  the  monoamines.  The  E2  fraction  was  sub¬ 
fractionated  into  E4,  which  contained  all  the  trinitrobenzoic  acid,  most  of 
the  hydroxylamines,  trinitrobenzyl  alcohol,  and  azoxytoluene,  and  some  TNT; 
and  E5,  which  had  most  of  the  monoamines  and  some  diamines.  Subfraction 
Eg,  derived  from  the  E4  fraction,  contained  most  of  the  alcohol  and  azoxy¬ 
toluene  and  some  hydroxylamines. 

The  percentage  of  extractable  radioactivity  in  different 
fractions  of  urines  from  different  species  and  the  TLC  profiles  of  these 
different  fractions  are  illustrated  in  Figures  25  through  40.  Some  of 
these  profiles  (e.g.,  E3,  E3,  and  Eg)  are  simple  and  contain  only  a  few 
major  peaks,  but  others  (e.g.,  Ej,  E2 ,  and  E4)  demonstrate  complex  patterns 
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of  radioactive  peaks.  In  almost  every  fraction,  several  metabolites  of  un¬ 
known  identity  were  separated  along  with  the  anticipated  products.  Occa¬ 
sionally,  a  known  metabolite  was  recovered  in  more  than  one  fraction,  and 
solubility  characteristics  seemed  to  have  been  altered  in  the  presence  of 
other  metabolic  products. 

Figure  25  indicates  the  percentage  of  extractable  radioactiv¬ 
ity  in  different  fractions  of  urine  obtained  from  rats  treated  orally  with 
TNT.  The  TLC  profiles  of  the  various  fractions  are  shown  in  Figure  26. 
Fraction  E*  contained  small  amounts  of  the  alcohol,  monoamines,  hydroxyl- 
amines,  and  diamines  but  may  also  have  had  some  of  the  acid  and  probably  the 
azoxytoluene  and/or  TNT.  Most  of  the  radioactivity  was  contained  in  highly 
polar  material  which  did  not  migrate  with  the  less  polar  solvent  IX.  Frac¬ 
tion  E2  was  qualitatively  similar  to  Elf  but  it  contained  larger  amounts  of 
trinitrobenzoic  acid  and  dinitrotoluenes .  Also,  major  portions  of  the  radio¬ 
activity  remained  at  the  origin  when  developed  with  solvent  IX.  In  addition 
to  the  monoamines  and  diamines,  fraction  E3  contained  ;mall  amounts  of  hy- 
droxylamines  and  the  azoxytoluene  but  also  other  unidentified  polar  material. 
Fraction  E4  demonstrated  a  complex  profile  which  contained  large  amounts  of 
the  trinitrobenzoic  acid  and  lesser  amounts  of  trinitrobenzyl  alcohol,  hy- 
droxylamines ,  and  TNT.  In  addition  to  some  unidentified  polar  products, 
the  basic  fraction  E5  demonstrated  large  amounts  of  the  monoamines,  diamines, 
other  unidentified  amino  derivatives  (positive  with  Bratton-Marshall  reagent), 
and  small  quantities  of  the  azoxytoluene.  E6  contained  large  amounts  of 
the  alcohol  and  small  quantities  of  azoxytoluene  and  hydroxylamines  in  ad¬ 
dition  to  other  unidentified  metabolites.  Most  of  the  polar  metabolites 
demonstrated  in  fraction  E4  were  removed  by  sodium  hydroxide  and  were  ab¬ 
sent  from  E6. 


The  amount  of  extractable  radioactivity  from  urine  of  dermally 
treated  rats  is  illustrated  in  Figure  27.  TLC  profiles  are  shown  in  Figure 
28.  These  profiles  are  similar  to  those  obtained  from  urine  of  orally 
treated  rats  (Figure  26)  with  only  a  few  exceptions.  Ej  contained  larger 
amounts  of  the  parent  compound,  TNT,  and/or  the  azoxytoluene.  Fraction  E3 
demonstrated  the  presence  of  less  monoamines  and  more  unidentified  highly 
polar  metabolites.  On  the  other  hand,  more  of  the  monoamines  and  fewer  of 
the  polar  products  were  present  in  fraction  E5.  E6  contained  appreciable 
amounts  of  TNT  and/or  the  azoxytoluene. 

Figure  29  summarizes  the  extractable  radioactivity  in  differ¬ 
ent  fractions  of  urine  obtained  from  mice  treated  orally  with  14C-TNT.  The 
TLC  profiles  of  the  various  fractions  are  shown  in  Figure  30.  Fraction  Ej 
contained  relatively  large  amounts  of  the  monoamines  and  lesser  quantities 
of  the  diamines,  hydroxylamines,  the  alcohol,  and  the  parent  compound,  TNT. 
Major  differences  between  the  profile  of  this  fraction  in  mice  (Figure  30) 
and  rats  (Figure  26)  are  the  presence  in  mice  of  larger  amounts  of  the  mono¬ 
amine  and  small  amounts  of  the  highly  polar  unidentified  metabolites  remain¬ 
ing  at  the  origin  after  developing  with  solvent  IX.  E2  demonstrated  the 
presence  of  large  amounts  of  trinitrobenzoic  acid,  some  of  the  monoamines, 
diamines,  hydroxylamines,  and  the  alcohol.  It  also  contained  large  quanti¬ 
ties  of  unidentified  polar  products.  The  fraction  E3  contained  mainly  the 
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monoamines,  some  of  the  diamines,  and  some  basic  polar  metabolites  which 
reacted  positively  with  Bratton-Marsha 1 1  reageat.  E4  showed  the  presence 
of  the  acid,  the  alcohol,  and  some  hydroxyiami nes  and  TNT.  The  Eg  fraction 
was  spilled  before  analysis  with  TLC.  Eg  contained  mostly  the  alcohol, 
some  hydroxylamines ,  and  large  amounts  of  TNT  and/or  the  azoxytoluene .  The 
latter  is  the  likely  possibility  since  a  strong  peak  at  this  position  was 
not  demonstrated  in  fractions  E2  and  E4  .  It  is  probably  formed  from  the 
hydroxylamines  during  the  extraction  of  E4  with  sodium  hydroxide. 

The  amounts  of  extractable  radioactivity  from  urine  of  der¬ 
mal  ly  treated  mice  are  illustrated  in  Figure  31.  TLC  profiles  are  shown  in 
Figure  32.  These  profiles  are  similar  to  those  obtained  from  urine  of 
orally  treated  mice  (Figure  30),  with  the  exception  that  Et  and  E4  contained 
larger  proportions  of  TNT  and  Eg  demonstrated  stronger  peaks  corresponding 
to  TNT  and/or  the  azoxytoluene. 

The  extractable  radioactivity  in  different  fractions  of  urine 
obtained  from  rabbits  treated  orally  with  14C-TNT  is  snown  in  Figure  33. 

The  TLC  profiles  of  the  various  fractions  are  illustrated  in  Figure  34.  E* 
contained  several  metabolites  which  included  varying  amounts  of  the  mono¬ 
amines,  hydroxylamines,  alcohol,  and  some  diamines.  The  absence  of  TNT  and 
the  azoxytoluene  was  demonstrated.  A  major  portion  of  the  radioactivity 
was  contained  in  unidentified  polar  products.  Fraction  E2  contained  large 
amounts  of  the  acid,  s-ome  monoamines,  hydroxylamines,  diamines,  and  probably 
the  alcohol.  Only  trace  amounts  of  TNT  and/or  the  azoxytoluene  were  present. 
Ea  contained  mainly  the  monoamines  and  azoxytoluene  and  smaller  quantities 
of  the  diamines.  Large  amounts  of  the  acid,  alcohol,  and  hydroxylamines  and 
smaller  quantities  of  the  azoxytoluene  were  demonstrated  in  E4 .  Fraction  E5 
contained  primarily  the  monoamines  and  diamines  and  other  unidentified  amino 
derivatives.  The  largest  portion  of  Eg  is  probably  the  alcohol.  It  also 
contained  large  amounts  of  the  azoxytoluene  and  small  proportions  of  the  hy¬ 
droxylamines.  The  azoxytoluene  seemed  to  have  been  formed  during  the  sodium 
hydroxide  extraction  of  E4. 

The  amounts  of  extractable  radioactivity  from  urine  of  der- 
mally  treated  rabbits  are  illustrated  in  Figure  35.  TLC  profiles  are  shown 
in  Figure  36.  The  major  difference  between  these  profiles  and  those  of  urine 
obtained  from  orally  treated  rabbits  (Figure  34)  was  in  fraction  Ej.  Frac¬ 
tion  Ei  from  urine  of  dermally  treated  rabbits  demonstrated  increased  amounts 
of  the  monoamines,  hydroxylamines,  alcohol,  and  azoxytoluene  and  a  sharp  de¬ 
crease  in  the  amounts  of  polar  metabolites  not  migrating  with  solvent  IX. 

Figure  37  indicates  the  extractable  radioactivity  in  differ¬ 
ent  fractions  of  urine  obtained  from  dogs  treated  orally  with  14C-TNT.  The 
TLC  profiles  of  the  various  fractions  are  illustrated  in  Figure  38.  Fraction 
Ej  contained  several  metabolic  products  including  the  monoamines,  hydroxyl¬ 
amines,  some  diamines,  and  probably  the  alcohol.  No  TNT  or  azoxytoluene  was 
demonstrated.  The  complex  metabolic  profile  of  E2  contained  the  acid,  mono¬ 
amines,  diamines,  hydroxylamines,  some  TNT,  and  probably  the  t r i ni t robenzy 1 
alcohol.  E3  contained  mainly  the  monoamines,  diamines,  some  TNT  and/or 
azoxytoluene,  and  unidentified  polar  products.  Fraction  E4  contained  large 
amounts  of  the  acid  and  some  hydroxylamines,  TNT,  and  probably  the  alcohol. 
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Large  amounts  of  monoamines,  the  azoxytoluene  and/or  TNT  were  present  in 
fraction  E5.  Fraction  Eg  contained  large  amounts  of  the  alcohol  and  the 
parent  compound,  TNT,  and  small  amounts  of  the  hydroxylamines  and  the 
azoxytoluene.  The  latter  appeared  to  be  formed  during  the  extraction  of 
E4  with  sodium  hydroxide. 

The  amounts  of  extractable  radioactivity  from  urine  of  dermally 
treated  dogs  are  illustrated  in  Figure  39.  TLC  profiles  are  shown  in  Figure 
40.  These  profiles  were  similar  to  those  obtained  from  urine  of  orally 
treated  dogs  (Figure  37)  with  only  few  exceptions.  Ej  contained  considerable 
amounts  of  TNT,  which  was  absent  from  urine  obtained  after  oral  treatment. 
Fraction  E3  contained  fewer  monoamines  and  more  of  the  diamines  and  unidenti¬ 
fied  polar  metabolites.  Eg  showed  the  presence  of  larger  amounts  of  the 
parent  compound,  TNT,  and  the  azoxytoluene. 

5.  Gas-liquid  chromatography:  Retention  times  of  TNT  and  the 
available  potential  metabolites  of  TNT  were  determined  as  described  in 
Section  A,  "Methods."  The  retention  times  for  an  isothermal  (170°C)  elu¬ 
tion  of  TNT  and  potential  metabolites  are  shown  in  Table  23.  Attempts  to 
achieve  adequate  separation  of  a  mixture  of  TNT  and  the  potential  metabo¬ 
lites  on  either  column  were  unsuccessful  even  when  temperature  programming 
was  utilized. 

6.  High  performance  liquid  chromatography:  Different  HPLC  sys¬ 
tems  were  tested  for  the  separation  of  TNT  and  some  potential  metabolites. 

The  first  system  used  (system  1)  was  normal  phase  chromatography.  It  gave 
adequate  separation  of  these  compounds,  but  it  was  not  adequate  for  the  sepa¬ 
ration  of  more  polar  metabolites.  Therefore,  three  other  systems  were  exam¬ 
ined  which  utilized  counter-ion  reverse  phase  chromatography.  The  retention 
times  of  TNT  and  some  potential  metabolites  in  this  system  are  shown  in 
Table  24.  System  4  appeared  to  give  good  separation  and  the  best  defined 
peaks.  This  system  was  selected  for  the  analysis  of  TNT  and  its  metabolites 
in  rat  urine. 

Figure  41  illustrates  the  chromatographic  profile  of  raw  urine 
obtained  from  rats  treated  orally  with  14C-TNT.  Some  minor  peaks  were  ob¬ 
served  with  retention  times  corresponding  to  those  of  TNT,  the  diamines, 
and  the  alcohol.  However,  most  of  the  radioactivity  in  urine  was  eluted  in 
adjacent  fractions  with  similar  retention  times.  Although  some  of  these 
fractions  have  the  same  retention  times  as  the  2-amino,  4-amino,  and 
2-hydroxylamino  derivatives,  confirmation  of  the  presence  of  these  metabo¬ 
lites  was  not  possible.  HPLC  analysis  was  also  performed  on  samples  of  rat 
urine  hydrolyzed  with  p-glucuronidase.  Although  there  were  some  apparent 
differences  in  the  metabolic  profiles  after  hydrolysis  with  (5-glucuronidase 
(Figure  42),  the  identity  of  these  metabolites  was  not  confirmed.  Better 
resolution  of  the  metabolites  in  rat  urine  was  obtained  when  smaller  frac¬ 
tions  of  the  eluted  products  were  collected  (Figure  43).  However,  the  me¬ 
tabolic  profile  was  also  more  complex.  Since  the  use  of  HPLC  offered  no 
major  advantage  over  TLC  for  the  analysis  of  TNT  profiles  in  urine  of  differ¬ 
ent  species,  its  use  was  discontinued. 
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C.  Discussion 


1 .  Potential  metabolites  of  TNT:  Because  of  the  presence  of  four 
functional  groups  on  the  TNT  molecule,  a  variety  of  metabolic  products  could 
be  formed.  These  may  result  from  oxidation  of  the  methyl  group  to  alcohol, 
aldehyde,  or  acid;  oxidation  of  the  benzene  nucleus  to  phenols;  reduction 
of  one  or  more  of  the  nitro  groups  to  hydroxylamino  or  amino  compounds  with 
the  possibility  of  coupling  of  some  of  these  metabolites;  and  conjugation 
of  one  or  more  of  the  resulting  products  (alcohols,  acids,  amines,  hydroxy] - 
amines,  etc.)  to  yield  glucuronides,  ethereal  sulfates,  substituted  hippuric 
acid,  or  glutathione  conjugates.  Simultaneous  oxidation  and  reduction  fol¬ 
lowed  by  conjugation  is  also  a  possibility.  These  hypothetical  pathways, 
which  are  shown  in  Figure  1,  illustrate  the  complexity  of  the  metabolic  be¬ 
havior  of  TNT.  The  problem  of  metabolite  identification  is  complicated  by 
the  similar  solubility  characteristics  possessed  by  these  compounds  of  such 
closely  related  chemical  structure. 

Earlier  studies  by  Voegtlin  et  al.42  and  Dale57  have  suggested 
that  the  reduction  products,  4-amino-2 ,6-dinitrotoluene  and  2,6,2' ,6' -tetra- 
nitro-4,4' -azoxytoluene ,  are  excreted  in  the  urine  of  workers  exposed  to 
TNT.  Reduction  of  a  single  nitro  group  of  TNT  was  shown  to  occur  also  in 
rabbits,  leading  to  the  formation  of  4-amino-  and  6-amino-dinitrotoluenes. 56 
Channon  et  al.56  postulated  that  the  first  step  in  the  reduction  of  the  nitro 
group  is  the  production  of  a  hydroxylamine  derivative.  They  isolated  4-hy¬ 
droxy  lamino-2 ,6-dinitrotoluene  as  an  aldoxime  after  reaction  with  benzaldehyde 
but  they  failed  to  isolate  its  isomer,  2-hydroxylamino-4,6-dinitrotoluene. 
However,  the  isolation  of  the  reduction  product,  2-amino-4,6-dinitrotoiuene , 
led  to  the  conclusion  that  the  2-hydroxylamine  is  a  step  in  its  formation. 

Because  Wyon  found  the  hydroxylamine  derivative  to  be  more  toxic 
than  the  parent  TNT,  the  isolation  of  hydroxylamine  is  of  interest.59  The 
hydroxylamine  is  a  powerful  methemoglobin  producer  in  vitro ,  while  TNT 
itself  is  only  a  weak  producer  of  methemoglobin.59  In  addition,  the  for¬ 
mation  of  hydroxy lamines  is  implicated  in  the  carcinogenic  responses  induced 
by  several  carcinogenic  amino  and  nitro  compounds.60  In  Channon  et  al.  stud¬ 
ies,  only  1%  of  the  administered  TNT  dose  was  accounted  for  as  hydroxylamine.5 
This,  however,  seems  to  be  less  than  the  actual  amount  present  because  of 
the  great  ease  of  conversion  to  the  azoxy  derivative. 

Oxidation  of  TNT  may  result  in  the  formation  of  alcohol  or  acid. 
These  oxidation  processes  are  hypothetical  and  are  based  on  some  indirect 
evidence  obtained  from  some  early  studies  by  Channon  et  al.56  Rabbits  ex¬ 
creted  48%  of  the  administered  TNT  dose  as  glucuronides,  which  were  believed 
to  arise  from  oxidation  products  of  TNT  such  as  trinitrobenzyl  alcohol. 

The  possibility  of  glucuronide  conjugation  with  the  amino  or  hydroxylamino 
derivatives  was  not  considered.  Also,  the  suggestion  by  Lemberg  and  Callaghan 
that  nitrophenylenediamine  is  excreted  in  rat  urine  indicates  that  this  oxi¬ 
dative  pathway  may  be  operative.  Williams61  suggested  that  the  loss  of  the 
methyl  group  could  probably  occur  by  oxidation  of  TNT  to  the  alcohol,  then 
the  acid,  followed  by  decarboxylation  and  reduction  of  the  nitro  group. 
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Amino-nitrocresol  is  another  oxidation  product  whose  presence  in  rat  urine 
was  suggested.  The  mechanism  of  its  formation  is  not  known. 


In  vitro  experiments  suggested  that  the  liver  is  the  major  site 
for  TNT  biotransformation. 62  Studies  using  liver,  muscle,  and  heart  prepa¬ 
rations  showed  that  TNT  was  reduced  by  liver  homogenates  to  4-amino-2,6- 
dinitrotoluene .  The  rate  of  reduction  was  more  rapid  under  anaerobic  con¬ 
ditions.  TNT  metabolism  occurred  in  a  system  containing  reduced  nicotinamide 
adenine  dinucleotide  (NADH)  and  a  purified  flavoprotein.  It  was  also  sug¬ 
gested  that  TNT  was  reduced  to  hydroxylamines  by  xanthine  oxidase. 


2.  Extraction  procedures:  Since  the  beginning  of  this  century, 
extensive  work  has  been  carried  out  to  isolate  and  identify  TNT  metabolites 
in  animals,56  58  and  humans.55’57  Only  limited  success  was  achieved  because 
of  the  difficulties  encountered  during  the  isolation  procedures.  Low  re¬ 
covery  was  encountered  when  urine  samples  were  extracted  with  ether.  It 
was  found56  that  ether  extracted  little  TNT-derived  material  from  urine 
until  it  was  acidified.  Even  after  acidification,  no  more  than  15%  of  the 
dose  administered  to  rabbits  was  excreted  as  compounds  soluble  in  ether. 

In  the  present  study,  the  use  of  ether  under  mildly  acidic  conditions  re¬ 
sulted  in  higher  recoveries.  This  was  further  increased  by  extracting  the 
urine  with  ethyl  acetate  under  the  same  acidic  conditions.  The  use  of 
strong  acid  or  base  was  avoided  since  this  would  undoubtedly  cause  altera¬ 
tions  of  the  metabolites  during  the  extraction  process.  2,6,2' ,6' -Tetra- 
nitro-4, 4' -azoxytoluene,  which  was  reported  as  one  of  the  TNT  metabolites  in 
rabbit  and  human  urine,  7  was  found  later  to  be  an  artifact  that  was  formed 
from  the  4-hydroxylamine  under  the  conditions  of  the  isolation  procedure. 

This  azoxytoluene  was  shown  to  be  absent  from  freshly  voided  urine  of  rabbits 
given  TNT.56  Alterations  of  TNT  metabolites  could  also  occur  during  storage. 
In  our  laboratory,  the  trinitrobenzyl  alcohol  and  the  trinitrobenzoic  acid, 
two  potential  metabolites  of  TNT,  were  shown  by  TLC  analysis  to  decompose 
to  several  products  when  stored  in  methanolic  solutions. 


Several  methods  were  used  in  the  present  study  to  separate  the 
metabolic  products  of  TNT  from  urine  and  bile.  Attempts  to  purify  urine 
samples  by  Amberlite  resin  were  not  successful.  Direct  analysis  of  the  raw 
or  lyophilized  urine  was  not  successful,  and  separation  of  the  highly  polar 
and  complex  mixture  of  metabolic  products  proved  difficult  even  with  HPLC 
analysis.  A  more  useful  approach  was  the  extraction  of  metabolic  products 
into  organic  solvents.  Acidification  of  the  urine  before  extraction  proved 
essential.  Since  these  extracts  still  demonstrated  complex  metabolic  pro¬ 
files,  a  method  was  developed  to  fractionate  the  radioactivity  in  urine  sam¬ 
ples  into  subgroups  according  to  their  solubilities  in  the  ether  or  aqueous 
extracts  under  different  pH  conditions.  A  mixture  of  TNT  and  nine  potential 
metabolites  was  processed  similarly  and  fractionated  according  to  the  neutral, 
acidic,  or  basic  characteristics  of  each  compound.  Although  this  fractiona¬ 
tion  technique  was  successful  when  used  with  this  mixture,  it  showed  only 
limited  success  when  urine  samples  were  processed  similarly.  In  almost  every 
fraction,  several  metabolites  of  unknown  identity  were  separated  along  with 
the  anticipated  products.  Occasionally,  a  known  metabolite  was  recovered 
in  more  than  one  fraction,  and  solubility  characteristics  seemed  to  have 
been  altered  in  the  presence  of  other  metabolic  products  in  the  urine  samples. 
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3.  Separation  procedures:  Analysis  of  TNT  metabolic  profiles  in 
urine  and  occasionally  in  bile  was  carried  out  by  TLC.  The  use  of  GLC  was 
discontinued  since  it  was  not  possible  Lo  achieve  a  good  separation  of  TNT 
and  some  potential  metabolites.  In  view  of  the  demonstrated  high  polarity 
of  Lhe  excretory  products,  HPLC  analysis  was  attempted.  It  olfered  no  major 
advantage,  however,  over  the  use  of  TLC  in  this  study  since  the  major  por¬ 
tion  of  the  radioactivity  excreted  in  urine  was  eluted  in  adjacent  fractions. 
Although  a  good  separation  of  synthetic  mixtures  was  achieved  by  HPLC,  poor 
separation  occurred  when  urine  samples  were  processed  by  this  method.  Stud¬ 
ies  to  analyze  the  metabolic  profiles  of  TNT  in  different  species  and  after 
different  routes  of  administration  were,  therefore,  continued  with  TLC  using 
two  solvent  systems  with  different  polarity.  TLC  analysis  had  been  useful 

in  comparing  the  metabolic  patterns  of  TNT  metabolites.  However,  it  required 
reference  standards  of  potential  metabolites  for  comparison,  and  many  of 
these  were  not  available  commercially  and  could  not  be  prepared  in  pure  form 
in  the  MRI  laboratories.  Urine  and  bile  contained  large  numbers  of  metabolic 
products.  Attempts  to  isolate  some  of  these  metabolites  in  pure  form  by 
preparative  TLC  met  with  only  limited  success.  The  metabolites  were  assigned 
tentative  identification  based  on  comparing  R^.  values  with  those  of  some 
potential  metabolites  that  were  available  and  based  on  their  solubility  char¬ 
acteristics  and  reactions  with  certain  specific  chemical  reagents.  Because 
of  the  complexity  of  metabolic  profiles,  quantitative  determinations  were 
not  possible. 

4.  Metabolic  profiles:  Early  studies  have  suggested  that  urine 
from  TNT  workers  contained  the  same  metabolites  reported  in  rabbit  urine, 
namely  4-hydroxylamino-2 ,6-di nitrotoluene ,  4-amino-2,6-dinitrotoluene,  and 
2-amino-4,6-dinitrotoluene. 56  Rat  urine  contained,  in  addition  to  the  mono- 
a:ines,  2,4-diamino-6-nitrotoluene  and  probably  5-nitrophenylenediamine . 55 
In  the  urine  of  dogs  which  received  TNT  orally,  Snyder58  was  unable  to  dem¬ 
onstrate  the  presence  of  TNT,  its  oxidation  products  (alcohol,  aldehyde,  or 
acid),  or  its  reduction  products  (diamino  and  triaminotoluenes) .  In  the 
present  studies,  TNT  profiles  indicated  that  extensive  biotransformation  of 
TNT  occurred  in  all  species  examined. 

a.  Rats :  Metabolic  profiles  of  rat  urine  demonstrated  the 
presence  of  appreciable  amounts  of  amino  products  (positive  with  Bratton- 
Marshall),  some  of  which  were  not  identified.  Large  quantities  of  diamines 
(more  of  4,6-diamino  derivative)  and  monoamines  (the  4-amino  and/or  2-amino) 
were  present.  Rat  urine  also  contained  small  amounts  of  the  4-hydroxy lamine 
and,  to  a  lesser  extent,  the  2-hydroxy lamine .  Their  presence  was  only  demon¬ 
strated  after  ethyl  acetate  and/or  ether  extractions.  Positive  reactions 
with  Benedict's  reagent  and  the  more  specific  triphenyltetrazol ium  chloride 
reagent  indicated  the  presence  of  both  hydroxylamines  at  the  R^  positions 
of  the  corresponding  standards.  1 

The  presence  of  appreciable  amounts  of  trinitrobenzyl  alcohol 
and  tr initrobenzoic  acid  in  rat  urine  was  suggested  by  their  R^.  values. 

The  latter  compound  was  also  indicated  by  its  solubility  behavior  during 
the  fractionation  of  urine.  The  absolute  identity  of  both  compounds,  however, 
could  not  be  confirmed. 
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Small  amounts  of  azoxytoluene  were  detected  in  the  TLC  pro¬ 
files  of  fractionated  rat  urine.  The  azoxytoluene  was  also  found  in  urine 
of  mice,  dogs,  and,  to  a  greater  extent,  rabbits,  mostly  in  the  E$  fraction 
after  sodium  hydroxide  extraction  of  E4.  The  azoxytoluene  was  probably 
formed  from  the  hydroxylamines  during  the  extraction  process  in  the  presence 
of  alkalis. 


Metabolic  profiles  of  urine  from  male  and  female  rats  shewed 
no  significant  differences.  The  urine  collected  from  bile  duct-cannulated 
rats  showed  metabolic  profiles  which  differed,  at  least  quantitatively,  from 
that  of  the  urine  collected  from  noncannulated  rats.  It  contained  more  polar 
metabolites  and  had  more  TNT  and  probably  the  azoxy  compound.  A  quantitative 
difference  was  noted  in  the  metabolic  profiles  of  urines  collected  from  orally 
versus  intratracheally  treated  rats.  On  the  other  hand,  the  differences 
between  urine  collected  from  orally  and  dermally  treated  rats  were  minimal; 
more  TNT  was  eliminated  after  dermal  application. 

Metabolism  of  TNT  by  the  intestine  or  intestinal  microflora 
was  not  examined  in  the  present  study.  Others  have  demonstrated  that  the 
nitro  group  is  highly  susceptible  to  reduction  by  intestinal  microflora.75 
From  the  present  studies,  it  appears  that  TNT  reduction  occurred  primarily 
in  the  liver.  Bile  and  urine  collected  from  biliary  cannulated  rats  con¬ 
tained  large  amounts  of  reduced  TNT  metabolites,  as  indicated  by  the 
values  and  the  positive  reactions  with  Bratton-Marshall ,  triphenyl tetrazolium 
chloride  and  Benedict's  reagents.  This,  however,  does  not  rule  out  further 
intestinal  metabolism  occurring  after  excretion  of  the  metabolic  products 
through  bile. 


The  nature  of  the  red  pigment  excreted  after  TNT  intake  was 
examined  by  Channon  et  al.56  They  suggested  that  this  pigment,  which  did 
not  appear  to  account  for  a  significant  amount  of  metabolites,  might  be  a 
partial  reduction  product  of  2,4,6-trinitrobenzyl  alcohol.  They  also  sug¬ 
gested  that  the  red  pigment  might  be  a  salt  of  TNT  or  one  of  its  metabolites 
since  it  decolorized  on  acidification  with  mineral  acids.  In  the  present 
study,  rat  urine  was  bright  red  in  color  even  though  urine  is  slightly  acidic. 
On  the  other  hand,  rabbit  urine  is  alkaline,  but  the  red  color  was  not  appar¬ 
ent  . 


b.  Mice:  Mice  also  excreted  monoamines,  diamines,  and  small 
amounts  of  the  hydroxylamines.  The  presence  of  azoxytoluene  was  demonstrated 
only  after  fractionation  of  urine  samples  under  acidic  and  basic  conditions. 
Considerable  amounts  of  the  benzyl  alcohol  and  the  acid  seemed  to  be  present. 
Metabolic  profiles  of  urine  from  orally  and  dermally  treated  mice  showed  no 
major  differences  except  for  the  presence  of  larger  quantities  of  TNT  in 
urine  of  dermally  treated  mice.  Compared  to  rats,  urine  of  mice  contained 
lesser  amounts  of  polar  metabolites  and  diamines.  Quantities  of  monoamines 
and  hydroxylamines  in  urine  of  mice  seemed  to  be  larger  than  those  in  rats. 

c.  Rabbits :  The  metabolic  profiles  of  rabbit  urine  demon¬ 
strated  the  presence  of  larger  amounts  of  monoamines.  The  4,6-diamine  and, 
to  a  lesser  extent,  the  2,6-diamine  were  also  present.  The  failure  of  ear¬ 
lier  investigations  to  demonstrate  the  presence  of  diamines  in  rabbit  urine 
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was  probably  due  to  the  strong  acid  conditions  used.56  As  noted  in  early 
studies,  the  4-hydroxylamine  was  present  in  appreciable  quantities  in  rabbit 
urine.  The  presence  of  smaller  amounts  of  the  2-hydroxylamine  was  also  sug¬ 
gested  by  comparison  with  the  value  and  behavior  of  an  authentic  sample. 
Urinary  profiles  of  rabbit  urine  seem  to  contain  trinitrobenzyl  alcohol  and 
trinitrobenzoic  acid,  as  indicated  by  their  R^.  positions.  With  the  mild  ex¬ 
traction  procedure  used  in  this  study,  no  azoxytoluene  was  demonstrated. 
However,  after  fractionation  with  ether  in  the  presence  of  alkali,  TLC  peaks 
corresponding  to  azoxytoluene  were  found.  Of  significance  was  the  absence 
of  TNT  from  the  urinary  profiles  of  rabbits.  After  hydrolysis  with  p-glu- 
curonidase,  the  urinary  profiles  remained  the  same.  Urine  obtained  from 
dermally  treated  rabbits  showed  a  sharp  decrease  in  polar  metabolites,  in¬ 
cluding  acid,  and  some  increases  in  monoamines,  hydroxylamines ,  and  the 
azv  .  .  luene. 


d.  Dogs :  The  metabolic  profiles  of  dog  urine  contained  large 
amounts  of  the  4,6-diamines  and  the  2,6-diamines.  Appreciable  quantities  of 
the  monoamines  (2-  or  4-substituted)  and  probably  the  alcohol  and  acid  were 
also  present.  The  presence  of  small  amounts  of  the  4-hydroxylamine  and,  to 
a  lesser  extent,  the  2-hydroxylamine  was  indicated  by  comparing  their  migra¬ 
tion  and  chemical  behavior  with  authentic  samples.  The  minute  amounts  of 
azoxytoluene  present  seemed  to  be  formed  during  the  extraction  process.  As 
shown  in  the  urine  of  other  species,  p-glucuronidase  hydrolysis  caused  no 
apparent  differences  in  metabolic  profiles.  Urine  obtained  after  dermal 
application  contained  smaller  amounts  of  polar  metabolites  and  larger  amounts 
of  the  parent  compound  TNT  as  compared  to  urine  from  orally  treated  dogs. 

5.  Metabolite  conjugates:  Glucuronide  conjugation  appears  to 
play  an  important  role  in  the  metabolism  of  TNT.  Other  conjugates  and  prob¬ 
ably  inorganic  salts  may  also  be  present.  Channon  et  al.56  found  that,  even 
after  acidification  of  rabbit  urine,  no  more  than  15%  of  the  administered 
dose  was  excreted  as  compounds  soluble  in  ether.  They  suggested  that  the 
ether  extracts  contained  metabolites  excreted  in  an  unconjugated  form  and 
possibly  small  amounts  of  acetylated  amino  derivatives.  The  remainder  of 
the  doses  administered  were  probably  eliminated  as  conjugates,  e.g.,  glu- 
curonides  and  sulfates.  The  excretion  of  compounds  in  combination  with 
glucuronic  acid  was  suggested  based  on  an  increase  in  glucuronides  in  urine 
after  TNT  dosing.  The  present  study  confirms  these  earlier  findings.  Based 
on  the  increase  in  extractable  radioactivity  after  hydrolysis  with  p-glucuron- 
ide,  major  portions  of  TNT  metabolites  were  excreted  as  glucuronide  conjugates. 
The  amounts  of  glucuronides  varied  among  species.  The  least  amounts  occurred 
in  urine  of  mice.  Urine  from  dermally  treated  animals  contained  lesser  amounts 
of  glucuronide  conjugates  than  did  urine  from  orally  treated  animals.  Amounts 
of  glucuronide  in  urine  from  bile  duct-cannulated  rats  were  less  than  amounts 
from  noncannulated  rats.  Bile  contained  large  amounts  of  glucuronide  conju¬ 
gates;  most  compounds  of  low  molecular  weight,  e.g.,  TNT  metabolites,  are 
excreted  in  bile  only  after  conjugation  with  glucuronic  acid  or  glutathione. 

Although  the  extractable  radioactivity  increased  considerably  after 
hydrolysis  with  p-glucuronidase ,  major  changes  in  the  metabolic  profiles 
after  hydrolysis  were  not  apparent.  The  only  notable  changes  were  increased 


48 


1 


amounts  of  diamino  metabolites  in  urine  of  some  species,  e.g.,  rat.  On  the 
other  hand,  some  notable  changes  were  demonstrated  in  the  TLC  profiles  of 
rat  urine  after  incubation  with  aryl  sulfatase.  Considerable  increases  in 
polar  metabolites  including  the  diamines  occurred.  However,  there  were  no 
increases  in  the  extractable  radioactivity.  This  was  taken  as  an  indication 
of  the  absence  of  sulfate  conjugates.  Early  studies  have  demonstrated 
no  rise  in  ethereal  sulfate  excretion  after  administration  of  TNT  to  rabbits.56 


49 


VII.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  present  studies  indicate  that  TNT  administered  orally,  dermally, 
or  intratracheally  was  readily  absorbed,  distributed,  metabolized,  and  ex¬ 
creted  in  urine  and  to  a  lesser  extent  in  feces.  Absorption  by  the  dermal 
route  was  slower  than  by  the  oral  or  intratracheal  routes.  Species  differ¬ 
ences  in  dermal  absorption  were  found;  the  highest  absorption  occurred  in 
rabbits,  followed  by  mice,  rats  and  dogs.  TNT  was  more  rapidly  absorbed 
after  intratracheal  instillation  than  after  oral  or  dermal  administration. 
Biliary  excretion  and  enterohepatic  circulation  appeared  to  play  an  impor¬ 
tant  role  in  the  disposition  and  metabolism  of  TNT. 

TNT  was  metabolized  extensively  in  all  species  examined,  whether 
treatment  was  oral,  dermal,  or  intratracheal.  Most  of  the  metabolic  products 
were  highly  polar  with  very  low  extractability  in  organic  solvents.  Large 
portions  of  these  products  were  conjugated  with  glucuronic  acid,  but  no  con¬ 
jugation  with  sulfuric  acid  was  detected.  Other  conjugates  or  inorganic 
salts  of  TNT  metabolites  were  probably  present.  Most  of  the  metabolic  prod¬ 
ucts  were  reduction  derivatives,  including  the  hydroxylamines ,  the  monoamino- 
dinitro  and  the  diaminomononitro  derivatives.  The  benzyl  alcohol  and  the 
acid  seemed  to  be  present  in  medium  quantities,  but  this  was  not  confirmed. 

The  parent  compound,  TNT,  was  demonstrated  in  the  urine  of  some  species  but 
only  in  minute  quantities.  The  mild  extraction  procedures  used  in  the 
present  study  minimized  the  alterations  of  the  hydroxylamines  to  the  azoxy- 
toluene,  but  the  latter  was  present,  especially  after  fractionation  of  the 
urinary  products  in  the  presence  of  NaOH.  Other  products  of  TNT  metabolism 
were  not  identified  due  to  lack  of  authentic  standards  for  comparison. 

Rabbit  urine  showed  a  unique  metabolic  profile  which  differed 
quantitatively,  and  probably  qualitatively,  from  the  metabolic  profile  of 
rats,  mice,  and  dogs.  The  presence  of  larger  quantities  of  the  hydroxyl¬ 
amines  and  monoamines  in  rabbit  urine  was  demonstrated.  Rabbit  urine  also 
contained  either  or  both  of  the  diamines  found  in  the  urine  of  other  species. 
The  metabolic  profiles  of  urine  from  rats,  mice,  and  dogs  also  differed  quan¬ 
titatively.  Even  within  species,  some  quantitative  differences  were  demon¬ 
strated  between  individual  animals.  Major  quantitative  differences  were 
demonstrated  in  the  urinary  profiles  of  orally  versus  intratracheally  treated 
rats.  On  the  other  hand,  the  differences  between  urine  profiles  obtained 
from  orally  and  dermally  treated  animals  were  minimal;  larger  amounts  of 
the  parent  compound,  TNT,  were  eliminated  after  dermal  application.  Although 
the  extractable  radioactivity  increased  considerably  after  p-glucuronidase 
hydrolysis  of  urine  from  different  species  following  different  routes  of 
administration,  major  changes  in  the  metabolic  profiles  were  not  apparent. 

The  results  of  the  present  study  provide  some  data  relevant  to 
the  selection  of  species  and  routes  of  exposure  for  any  subsequent  chronic 
toxicity  studies.  Based  on  urinary  excretion  patterns  reported  herein  in 
comparison  to  earlier  published  information  on  humans,  the  present  results 
would  suggest  that  the  rabbit  may  approximate  humans  more  closely  than  do 
mice,  rats,  or  dogs.  The  rabbit  certainly  excretes  higher  levels  of  at 
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least  one  of  the  potentially  more  active  metabolites,  hydroxylamine,  which 
might  enhance  any  potential  carcinogenic  responses.  The  rabbit,  however, 
is  not  an  animal  commonly  used  in  carcinogenic  bioassays  and  certainly  is 
not  recommended  herein  for  that  purpose.  The  laboratory  rat  historically 
has  been  used  extensively  in  carcinogenesis  studies;  the  metabolic  profile 
of  TNT  in  rats  is  qualitatively  similar  to  rabbits  and  also  to  humans.  As 
such,  the  rat  remains  the  most  appropriate  animal  model  for  chronic  studies 
Mice  could  also  be  used  for  carcinogenic  studies,  but  the  only  apparent  ad¬ 
vantage  would  be  in  the  use  of  larger  numbers  of  animals.  Dogs  would  not 
be  suitable  for  carcinogenic  studies  if  for  no  other  reason  than  the  time 
interval  (8  to  10  years)  that  might  be  required  to  undertake  a  study  of  thi 
nature. 


Human  exposure  to  TNT  for  the  most  part  is  probably  through  the 
dermal  and  inhalation  routes.  Dermal  exposure  in  humans  can  probably  be 
simulated  by  oral  exposure  since  the  metabolic  profiles  in  the  experimental 
animals  were  qualitatively  similar  following  oral  and  dermal  exposures. 

The  major  issue  would  be  to  adjust  dose  levels  or  at  least  to  interpret  ex¬ 
perimental  results  as  a  function  of  absorption  since  the  present  data  demon 
strated  less  absorption  of  TNT  following  dermal  application  to  rodents. 
Additional  metabolism  studies  would  be  warranted  to  better  define  relative 
absorption  following  oral  and  dermal  exposures. 

The  question  of  simulation  of  inhalation  exposure  using  oral  ad¬ 
ministration  could  not  be  completely  resolved  in  the  present  studies.  Fail 
ure  to  produce  adequate  dispersions  or  aerosols  for  inhalation  exposures 
negates  any  direct  resolution  of  the  problem.  Metabolic  data,  however,  ob¬ 
tained  following  intratracheal  instillation  demonstrated  quantitative  dif¬ 
ferences  in  urinary  profiles,  hence  metabolism  of  the  compound.  Moreover, 
absorption,  distribution,  and  elimination  were  more  rapid  following  intra¬ 
tracheal  instillation.  On  this  basis,  use  of  oral  exposures  to  simulate 
inhalation  exposures  would  not  appear  to  be  appropriate.  However,  because 
of  the  apparent  problems  associated  with  the  generation  of  aerosols  for 
inhalation,  oral  exposures  may  be  necessary. 

The  need  for  further  research  is  obvious.  Additional  efforts 
should  be  directed  to  developing  techniques  to  produce  aerosols  or  particu¬ 
late  dispersions  appropriate  for  inhalation  studies.  If  successful,  addi¬ 
tional  metabolic  studies  would  be  required  to  determine  absorption,  distri¬ 
bution,  metabolism,  and  excretion  of  TNT  following  inhalation  exposure.  If 
not  successful  and  oral  exposures  are  used  for  chronic  studies,  additional 
metabolism  studies  would  be  warranted  to  better  correlate  TNT  disposition 
and  metabolism  following  oral  exposure  and  intratracheal  instillation  on 
the  assumption  that  this  route  would  simulate  absorption  after  inhalation 
exposure . 
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TISSUE  DISTRIBUTION  AND  EXCRETION  OF  RADIOACTIVITY  4  HR  AFTER  ORAL  OR  INTRATRACHEAL 
ADMINISTRATION  OF  14C-TNT  (50  mg/kg)  TO  FEMALE  SPRAGUE -PAWLEY  RATS3 
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BILE/LIVER,  LIVER/BLOOD,  AND  BILE/BLOOD  CONCENTRATION  RATIOS  24  HR  AFTER  ORAL 
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ETHYL  ACETATE  EXTRACTABLE  RADIOACTIVITY  FROM  URINE 
INCUBATED  WITHOUT  OR  WITH  B- GLUCURONIDASE 
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Figure  1:  Schematic  Presentation  for  Some  Possible 
Biotransformation  Products  of  2,4,6-TNT 

(I)  4-Hydroxylamino-2 ,6-dinitrotoluene  (VIII)  2 ,4,6-Trinitrobenzylalcohol 

(II)  2-Hydroxylamino-4 ,6-dinitrotoluene  (IX)  Trinitrobenzoic  acid 

(III)  4-Amino-2,6-dinitrotoluene  (X)  4-Amino-2 ,6-dinitrobenzylalcohol 

(IV)  2-Amino-4,6-dinitrotoluene  (XI)  2 ,4-Diamino-6-nitrobenzylalcohol 

(V)  4, 6-Diamino- 2-nitrotoluene  (XII)  2 ,4-Diamino-6-nitrobenzoic  acid 

(VI)  2 ,6-Diamino-4-nitrotoluene  (XIII)  5-Nitro-m-phenylenediamine 

(VII)  2,6,2' ,6'-Tetranitro-4,4'-  (XIV)  4-Amino-2 ,6-dinitro-m-cresol 


azoxytoluene 
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MIDWEST  RESEARCH  INST  KANSAS  CITY  MO  F/6  6/20 

SPECIES  DIFFERENCES  IN  THE  DISPOSITION  AND  METABOLISM  OF  2,4,6— ETCCU) 
JUN  81  AM  EL-HAWARI#  J  R  HODGSON  DAMD17-76-C-6066 
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Figure  4:  Cumulative  Excretion  of  Radioactivity  in  Bile  Following 
Oral  or  Intratracheal  Administration  of  ■'■^C-TNT  (50  mg/kg) 
to  Male  Sprague-Dawley  Rats.  Each  point  is  the  mean  +  SE 


MIXTURE  OF  TNT  AND  POTENTIAL  METABOLITES 


TNT  6.  4,6-Diamino-2-nitrotoluene 

Trinitrobenzyl  alcohol  7.  2,6-Diamino-4-nitroto]uene 

Trini Lrobenzoic  acid  8.  4-Ilydroxylamino-2,6-dinitrotoluene 

4-Ami  no-2, 6-dini trotoluene  9.  2-l!ydroxyl ami  no-4 ,6-dini trotoluene 

2-Aroino-4 ,6-dini trotoluene  10.  2,6,2’ ,6'-TeLranitro-4,4'-azoxytoluene 


Adjust  to  pH  7.0,  extract  with  ether  (3  x  100  ml) 
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Figure  5-b:  Fractionation  of  24  Hr  Urine  Obtained  from  Animals  Treated  Orally  or  Dermally  with  l^C-TNT 
(Values  indicate  the  percentage  of  extractable  radioactivity  in  each  fraction.) 


■““Solvent  I  (n.  Butanol  :  Acetic  Acid  :  Woter;  10  : 
““ Solvent  VII  (Benzene  :  Acetic  Acid;  4  ;  1  ) 


TNT  6.  4,6-Diamino-2-nitrotoluene 

Trinitrobenzyl  alcohol  7.  2,6-Diamino-4-nitrotoluene 

Trinitrobenzoic  acid  8.  4-Hydroxylamino-2 ,6-dinitrotoluene 

4-Amino-2,6-dinitrotoluene  9 .  2-Hydroxylaraino-4,6-dinitrotoluene 

2-Amino-4 , 6-dinitro toluene  10 .  2,6,2’, 6 '-Tet ranitro-4 , 4 ' -azoxy toluene 


nt  I  (n.  Butanol  :  Acetic  Acid  :  Water;  10 
nt  VII  (Benzene  :  Acetic  Acid;  4:1) 


TNT  6.  4 ,6-Diamino-2-nitrotoluene 

Trinitrobenzyl  alcohol  7.  2 ,6-Diamino-4-nitrotoluene 

Trinitrobenzoic  acid  8.  4-Hydroxylamino-2,6-dinitrotoluene 

4-Amino- 2 ,6-dinitrotoluene  9.  2-Hydroxylamino-4 ,6-dinitrotoluene 

2-Amino-4,6-dinitrotoluene  10.  2,6,2' ,6'-Tetranitro-4,4'-azoxytoluene 
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(Benzene  :  Acetic  Acid;  4  ;  i  ) 


,C  of  Rat  Urine  Obtained  after  Oral  Administration  of  l^C-TNT  (100  mg/kg) . 
Urine  was  incubated  with  acetate  buffer  (pH  5.0)  for  24  hr  then  extracted 
with  ethyl  acetate. 


nt  I  (n.  Butanol  :  Acetic  Acid  :  Water;  10  : 
nt  VII  (Benzene  :  Acetic  Acid;  4:1) 


.C  of  Rat  Urine  Obtained  after  Oral  Administration  of  l^C-TNT  (100  mg/kg), 
Urine  was  incubated  with  acetate  buffer  (pH  5.0)  and  6-glucuronidase 
for  24  hr  then  extracted  with  ethyl  acetate. 


Solvent  I  (n.  Butanol  :  Acetic  Acid  :  Water;  10 
Solvent  VII  (Benzene  :  Acetic  Acid;  4:1) 


Figure  10-a:  TLC  of  Rabbit  Urine  Obtained  after  Oral  Administration  of  14C-TNT  (5  mg/kg) 
Urine  was  incubated  with  acetate  buffer  (pH  5.0)  for  24  hr  then  extracted 
with  ethyl  acetate. 


Rabbit  Uring 
(+  B-glucuronidose  ) 


95 


Figure  10-b:  TLC  of  Rabbit  Urine  Obtained  after  Oral  Administration  of  ^C-TNT  (5  mg/kg) 
Urine  was  incubated  with  acetate  buffer  (pH  5.0)  and  6-glucuronidase  for 
24  hr  then  extracted  with  ethyl  acetate. 


nt  I  (n.  Butanol  :  Acetic  Acid  :  Water;  10  : 
nt  VII  (Benzene  :  Acetic  Acid;  4:1) 


Figure  11-a:  TLC  of  Dog  Urine  Obtained  after  Oral  Administration  of  ^C-TNT  (5  mg/kg) 
Urine  was  incubated  with  acetate  buffer  (pH  5.0)  for  24  hr  then 
extracted  with  ethyl  acetate. 


Dog  Urine 

(  +  8-glucuronidose  ) 

-  —  Solvent  I  (n.  Butanol  :  Acetic  Acid  :  Woter;  10  : 
Solvent  VII  (Benzene  :  Acetic  Acid;  4:1) 


Figure  11-b:  TLC  of  Dog  Urine  Obtained  after  Oral  Administration  of  l^C-TNT  (5  mg/kg) . 

Urine  was  incubated  with  acetate  buffer  (pH  5.0)  and  3-glucuronidase  for 
24  hr  then  extracted  with  ethyl  acetate. 
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Figure  12-a-I:  24-Hr  Urine,  Hale  Rats,  Oral  Treatment,  Solvent  1 
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Figure  12-a-lX:  24-Hr  Urine,  Male  Rats,  Oral  Treatment,  Solvent  IX 
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Figure  12-b-I:  24-Hr  Urine,  Female  Rats,  Oral  Treatment,  Solvent 
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Figure  12-b-IX:  24-Hr  Urine,  Female  Rats,  Oral  Treatment,  Solvent  IX 
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Figure  12-c-I:  24-Hr  Urine,  Male  Rats,  Dermal  Application,  Solvent 
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Figure  12-c-IX:  24-Hr  Urine,  Male  Rats,  Dermal  Application,  Solvent  IX 
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Figure  12-d-I:  24-Hr  Urine,  Female  Rats,  Dermal  Application,  Solvent 
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Figure  12-d-IX:  24-Hr  Urine,  Female  Rats,  Dermal  Application,  Solvent  IX 


sol  vt- nt  1  no  win 


7“<**X3‘K-C<TO—  <—  «**»  C  C  C.  O 


X  X  -V  -f  *  4 


r  3  *  x  x  — 


/c-c/^c\'?(w'wN?r-\-o  —  *n  ^ 


xx  -*•  <r  x 

ls»'TC'C^ro',,'?'-Xi\ 


if  ^  n  e 
«-  <\J  —  <* 


a  * 

*  * 

•  4 

*  o  © 

4  *  C 

4  O  • 

4*44 
9  9  9* 

9  9  9  9 

9  9  9  »  '  — 
*  4  4  4 

*400 
4  4  4  0 

4  4  0 

4  4  4  4  f- 


ct  n  i x ’Ud^xh  t  "ii  fli  oxr^r 

•  ©-rxx-'.^fix  —  t  -  i’*  i  s  oxxrn 

-^r  —  n-rt30-^7'n  —  c-rox  o  —  o  > 

x  •  * . .  .2  •••• 


4  4  4  4  0  4  4 

4  4  4  4  0  4  4 

4  4  4  4  0  4  4 

4  4  4  4  0  4  4 

4  4  4  4  4  4  4 

4  4  4  4  0  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 


4  4  4  •— — 

4  4  0  O. - 

4  4  0  4 

4  4  4  4 

4  4  0  4 

4  4  0  0  0 

4  4  4  4  X 

4  4  0  4  • 

4  4  0  4 

4  0  0  4 

4  0  4  4 

0  4  4  4  < _ 

0  4  4  4-— 

0  4  4  ’*- 

0  4  0  4 

0  4  4  0  0 

4  4  0  0  /* 

4  4  0  0  • 

4  0  4  0 

0  0  0  4 

0  *  O  4 

4  4  4  4 

»  4  4  4 

10  0  0  4  a. 

10  4  0  4  r 

4  0-4  0  C  ^ 

4  0  4  0  •  > 


4  4  4  4 
0  4  4  0 


4  4  0  0  4  4  0 
4  0  4  0  0  4  4 
4  4  4  0  0  0  4 
4  4  4  4  0  4  4 
4  0  4  4  0  4  0 
4  0  0  0  0  4  4 
4  *  0  4  0  4  4 


0  4  4  4 
0  0  4  0 
0  4  0  0 
4  4  0  0 


4  4  4  0 
4  3  0  4 


4  4  4  (X 

4  4  4  • 

0  4  4 

4  4  4 

4  4  4 

4  4  4 

4  0  4 

4  4  4 

4  4  4 

4  0  4  3 

*  4  4  — 

4  4  4  4  • 

*404 
*444 
4  0  0  0 

4  4  0  0 

4*«0 
4*00 
*0*0 
*0*43 
*3*4  • 


&  ?  X,  X  /*  '»<r(\i,*,05‘X'w 


LajIUoJ1- 


Figure  12-e-I:  4-Hr  Urine,  Male  Rats,  Oral  Treatment,  Solvent 
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Figure  12-e  IX:  4  Hr  Urine,  Male  Rats,  Oral  Treatment,  Solvent  IX 
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Figure  12-f-I:  4-Hr  Urine,  Male  Rats,  Intratracheal  Instillation,  Solvent 
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Figure  12-f-IX:  A-Hr  Urine,  Male  Rats,  Intratracheal  Instillation,  Solvent  IX 
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Figure  12-g-I:  24-Hr  Urine,  Male  Mice,  Oral  Treatment,  Solvent 
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Figure  12-g-IX:  24-Hr  Urine,  Male  Mice,  Oral  Treatment,  Solvent  IX 
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Figure  12-h-l:  24-Hr  Urine,  Male  Mice,  Dermal  Application,  Solvent 
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Figure  12-h-IX:  24  Hr  Urine,  Male  Mice,  Dermal  Application,  Solvent  IX 
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Figure  13-a-IX*  Male  Rats,  Oral  Treatment,  Solvent  IX 
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Figure  13-b-l:  Female  Rats,  Oral  Treatment,  Solvent 
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Figure  13-b-IX:  Female  Rats,  Oral  Treatment,  Solvent  IX 
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Figure  13-c-I:  Male  Rats,  Dermal  Application,  Solvent 
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Figure  13-c-IX:  Male  Rats,  Dermal  Application,  Solvent  IX 
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Figure  13-d-IX:  Female  Rats,  Dermal  Application,  Solvent  IX 
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Figure  13-e-IX:  Male  Mice,  Oral  Treatment,  Solvent  IX 
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Figure  13-f-i:  Male  Mice,  Dermal  Application,  Solvent 
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Figure  13-f-IX:  Male  Mice,  Dermal  Application,  Solvent 
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Figure  13-g-IX:  Male  Rabbits,  Oral  Treatment,  Solvent  IX 
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Figure  13-h-IX:  Male  Rabbits,  Dermal  Application,  Solvent  IX 
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Figure  14-a-l:  Male  Rats,  Oral  Treatment,  Solvent 
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Figure  14-a-IX:  Male  Rats,  Oral  Treatment,  Solvent  IX 
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Figure  14-b-I :  Female  Rats,  Oral  Treatment,  Solvent 
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Figure  14-b-IX:  Female  Rats,  Oral  Treatment,  Solvent  IX 
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Figure  14-c-I:  Male  Rats,  Dermal  Application,  Solvent 
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Figure  14-c-IX:  Male  Rats,  Dermal  Application,  Solvent  IX 
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Figure  14-d-IX:  Female  Rats,  Dermal  Application,  Solvent  IX 


*27*8  SOLVtNT 


Z  it  •>•  «  — 

l-.®NON<rt*ooi\joffl<OK-«oo®N»sfl. 


3^  —  ♦  -O  O  —  <♦  <0  0s  —  <#  -O  »  —  —  —  O'+-«O‘O><0-«'# 

•  ojj«*o-fl*ir'0(0»o-i*ifi/»<i«oo-fl^i/w)*»o-i*i^  O9>m4)«i/)oo« 

a  -♦  0009i\j-4Nn 

uboooMM^(M(Mftionnn<*i««<riAini/)4<A4^^^NV0e9>99ii.o<M(\iM«|A|AN 

*••••••• . .  . . . . 


l~O0kaD>,‘»«lfl-+<v)<M«-"O 


1uizou2n 


s  <a  —  0<U^r»>* 


Figure  14-e-l:  Male  Mice,  Oral  Treatment,  Solvent 
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Figure  14-f-l:  Male  Mice,  Dermal  Application,  Solvent 
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Figure  14-f-lX:  Male  Mice,  Dermal  Application,  Solvent  IX 
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Figure  14-g-I:  Male  Rabbits,  Oral  Treatment,  Solvent 
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Figure  14-k-It  Male  Dogs,  Oral  Treatment,  Solvent 
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Figure  14-1-1:  Male  Dogs,  Dermal  Application,  Solvent 
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Figure  15-a-l:  Male  Rats,  Incubation  with  Water,  Solvent 
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Figure  15-a-IX:  Male  Rats,  Incubation  with  Water,  Solvent  IX 


Figure  15-b-I:  Male  Rats,  Incubation  with  8-glucuronidase,  Solvent 
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Figure  15-b-IX:  Male  Rats,  Incubation  with  8-Glucuronidase,  Solvent  IX 
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Figure  15-c-l:  Male  Rats,  Incubation  with  Aryl  Sulfatase,  Solvent 
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Figure  15-c-IX:  Male  Rats,  Incubation  with  Aryl  Sulfatase,  Solvent  IX 
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Figure  15-d-IX:  Female  Rats,  Incubation  with  Water,  Solvent  IX 
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Figure  15-e-I:  Female  Rats,  Incubation  with  6-glucuronidase,  Solvent 


4s>?4U 


Figure  15-e-IX:  Female  Rats,  Incubation  with  6-Glucuronidase,  Solvent  IX 
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Figure  15-f-I:  Female  Rats,  Incubation  with  Aryl  Sulfatase,  Solvent 
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Figure  15-f-IX:  Female  Rats,  Incubation  with  Aryl  Sulfatase,  Solvent  IX 


Figure  16:  TLC  of  Ethyl  Acetate-Extractable  Products  Obtained 
24-Hr  Urine  of  Male  Rats  Treated  Orally  or  Dermally  with  ■Re¬ 
samples  of  urine  were  incubated  with  acetate  buffer  and  8- 
ronidase  before  extraction  with  ethyl  acetate.  Incubation  with 
te  buffer  and  water  served  as  control.  Reference  standards  are 
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Figure  16-a-I:  Oral  Treatment,  Incubation  with  Water,  Solvent 
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Figure  16-a-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  16-c-ls  Dermal  Application,  Incubation  with  Water,  Solvent 
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Figure  16-c-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX 
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Figure  16-d-IX:  Dermal  Application,  Incubation  with  6-Glucuronidase,  Solvent  IX 
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Figure  16-e-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  16-f-IX:  Oral  Treatment,  Incubation  with  8-Glucuronidase,  Solvent  IX 
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Figure  16— g  I.  Dermal  Application,  Incubation  with  Water,  R— Glucuronidase ,  Solvent 
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Figure  16-g-lX:  Dermal  Application,  Incubation  with  Water,  3-Glucuronidase,  Solvent 
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Figure  16-h-I:  Dermal  Application,  Incubation  with  8-Glucuronidase ,  Solvent 
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Figure  16-h-IX:  Dermal  Application,  Incubation  with  8-Glucuronidase,  Solvent  IX 
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Figure  16-k-I.‘  Oral  Treatment,  Incubation  with  Water,  Solvent 
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Figure  16-k-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  16-1-IX:  Oral  Treatment,  Incubation  with  8-Glucuronidase,  Solvent  IX 
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Figure  16-m-l:  Dermal  Application,  Incubation  with  Water,  Solvent 
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Figure  16-m-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX 
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Figure  16-n-I:  Dermal  Application,  Incubation  with  8-Glucuronidase ,  Solvent 
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Figure  16-n-IX:  Dermal  Application,  Incubation  with  3-Glucuronidase,  Solvent  IX 
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Figure  17-a-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX. 
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Figure  17-b-Ii  Oral  Treatment,  Incubation  with  B-gl ucuronidase ,  Solvent 
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Figure  17-c-l:  Dermal  Application,  Incubation  with  Water,  Solvent 
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Figure  17-c-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX. 


Figure  17-d-I:  Dermal  Application,  Incubation  with  B-glucuron  i  dase ,  Solvent 
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Figure  17-d-IX:  Dermal  Application,  Incubation  with  B-glucuronidase ,  Solvent  IX, 
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Figure  17-e-I:  Oral  Treatment,  Incubation  with  Water,  Solvent 
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Figure  17-e-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  17-f-IX:  Oral  Treatment,  Incubation  with  B-gl ucuronidase ,  Solvent  IX. 
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Figure  17-g-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX. 
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Figure  17-h-IX:  Dermal  Application,  Incubation  with  ^--glucuronic,  ise.  Solvent  IX. 
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Figure  17-k-l:  Oral  Tr- .it  n;, ■  1 1  ,  Imuh.it 
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Figure  17-1-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX. 
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Figure  18-a-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  18-b-l:  Oral  Treatment,  Tncnb.it  i  on  with  B-gl  ururoni  dnse  ,  Solvent 
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Figure  18-b-IX:  Oral  Treatment,  Incubation  with  B-glucuronidase ,  Solvent  IX. 
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Figure  18-c-I!  Intratracheal  Instillation,  Incubation  with  Water,  Solvent 
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Figure  19-a-I*.  Oral  Treatment,  Incubation  with  Water,  Solvent 
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Figure  19-b-l:  Oral  Treatment,  Incubation  with  6-Glucuronidase,  Solvent 
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Figure  19-b-IX:  Oral  Treatment,  Incubation  with  8-Glucuronidase,  Solvent  IX 
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Figure  19-c-l:  Intratracheal  Instillation,  Incubation  with  Water,  Solvent 
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Figure  19-c-IX:  Intratracheal  Instillation,  Incubation  with  Water,  Solvent  IX 
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Figure  19-d-l:  Intratracheal  Instillation,  Incubation  with  6-Glucuronidase,  Solvent 
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Figure  19-d-IX:  Intratracheal  Instillation,  Incubation  with  6-Glucuronidase,  Solvent  IX 
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Figure  20-a-I:  Oral  Treatment,  Incubation  with  Water,  Solvent 
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Figure  20-a-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  20-b-l:  Oral  Treatment,  Incubation  with  6-01ucuronidase ,  Solvent 
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Figure  20-b-IX:  Oral  Treatment,  Incubation  with  6-01ucuronidase ,  Solvent  IX 
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Figure  20-c-I:  Dermal  Application,  Incubation  with  Water,  Solvent 
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Figure  20-c  IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX 
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Figure  20-d-I*.  Dermal  Application,  Incubation  with  8-Glucuronidase ,  Solvent 


Figure  20-d-IX:  Dermal  Application,  Incubation  with  B-Glucuronidase ,  Solvent  TX 
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Figure  20-e-l:  Oral  Treatment,  Incubation  with  Water,  Solvent 


Figure  20-f-i:  Oral  Treatment,  Incubation  with  B-Olucuronidase,  Solvent 
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Figure  20-f-IX:  Oral  Treatment,  Incubation  with  B-Olucuronidase,  Solvent  IX 
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Figure  20-g-I:  Dermal  Application,  Incubation  with  Water,  Solvent 
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Figure  20-h-I.  Dermal  Application,  Incubation  with  6_01ucuronidase ,  Solvent 
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Figure  20-h-IX:  Dermal  Application,  Incubation  with  B-Glucuronidase,  Solvent  IX 
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Figure  20-k-IX:  Oral  Treatment,  Incubation  with  B-Clucuronidase ,  Solvent  IX 
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Figure  20-1-T:  Dermal  Application,  Incubation  with  6-Glucuronidase,  Solvent 
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Figure  20-1-IX:  Dermal  Application,  Incubation  with  8-Dlucuronidase ,  Solvent  IX 


Figure  21:  TLC  of  Ethyl  Acetate-Extractable  Products  Obtained 
from  24-Hr  Urine  of  Male  Rabbits  Treated  Orally  or  Dermally  with 
l^C-TNT.  Samples  of  urine  were  incubated  with  acetate  buffer  and 
6-glucuronidase  before  extraction  with  ethyl  acetate.  Incubation 
with  acetate  buffer  and  water  served  as  control.  Reference  stan- 
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Figure  21-a-l:  Oral  Treatment,  Incubation  with  Water,  Solvent 
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Figure  21-b-I:  Oral  Treatment,  Incubation  with  P— G1 ucuroni dase ,  Solvent 
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Figure  21-b-lX:  Oral  Treatment,  Incubation  with  S-Olucuronidase ,  Solvent  IX 
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Figure  21-c-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX 
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Figure  21-d-IX:  Dermal  Application,  Incubation  with  6-Glucuronidase,  Solvent  IX 
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Figure  21-e-i:  Oral  Treatment,  Incubation  with  Water,  Solvent 
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Figure  21-e-TX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  2 1—  f — I :  Oral  Treatment,  Incubation  with  3 -Glucuronidase ,  Solvent 
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Figure  21-f-IX:  Oral  Treatment,  Incubation  with  8-01ucuronidase,  Solvent  IX 
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Figure  21-g-I:  Dermal  Application,  Incubation  with  Water  Solvent 


ins 


r 


6  O 

O  »  »  «  »  «  ? 

o  0  0  o  o  o  • 

000000 
0  0  0  0  0  0 

0  0  *  0  0  0 

0  0  0  0  0  »-■ - 


o  e  c  « 


0  * 

0  0  = 
*  J- 


»  0 
i  0 


Figure  21-h-I:  Dermal  Application,  Incubation  with  B-Olucuronidase ,  Solvent 
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Figure  21-h-IX:  Dermal  Application,  Incubation  with  8-Glucuronidase,  Solvent  IX 
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Figure  21-k-i:  Oral  Treatment,  Incubation  with  Water,  Solvent 


Figure  21-k-IXJ  Oral  Treatment,  Incubation  with  Water,  Solvent  IX 
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Figure  21-1-1:  Oral  Treatment,  Incubation  with  B-01ucuroni dase ,  Solvent 


Figure  21-1-IX:  Oral  Treatment,  Incubation  with  6-Glucuronidase,  Solvent  IX 
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Figure  21-m-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  TX 
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Figure  21-o-IX:  Oral  Treatment,  Incubation  with  g-Glucuronidase ,  Solvent  IX 
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Figure  21  p  XX*  Dennal  Application,  Incubation  with  B— Glucuronidase ,  Solvent  IX 


Figure  22:  TLC  of  Ethyl  Acetate-Extractable  Products  Obtained 
24-Hr  Urine  of  Male  Dogs  Treated  Orally  or  Dermally  with  ^^C-TNT. 
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Figure  22-a-I:  Oral  Treatment,  Incubation  wi I  li  Water,  Solvent 
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Figure  22-a-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX. 
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Figure  22-b-t:  Oral  Treatment,  Incubation  with  B-gl ucuronidase ,  Solvent 
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Figure  22-b-IX:  Oral  Treatment,  Incubation  with  B-glucuronidase ,  Solvent  IX 


ON  \  JN4Ains  M*/?* 


a  a  a  a  a 
a  a  a  a  a 
a  a  a  a  a 
a  a  a  a  a 
a  a  a  a  a 
a  a  a  a  a 


aaaaaaaaaa 

aaaaaaaaaa 

aaaaaaaaaa 

aaaaaaaaaa 

aaaaaaaaaa 

aaaaaaaaaa 


a  a  a  a  a 
a  a  a  a  a 
a  a  a  a  a 
a  a  a  a  a 


a  a  a  a  T 

a  a  a  a  • 

a  a  a  a - 

a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a- — 

a  a  a  a 

a  a  a  a  cc 

a  a  a  o  • 

a  a  a  a _ 

a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a  • 


a  a  a  a 

a  a  a  a 

a  a  a  a 

a  a  a  a-—""" 
a  a  a  as. 

a  a  a  a  ^-s. 

a  a  a  a  e 

*  a  a  a  c 

a  a  • 
a  a 
a  a 
a  a 
a  a 
a  a 
a  a 


£  —  —  ^■O'\txir<\j<rioxx 

—  ®  in  m 

IX  J  C  3  finfl  3« 

a.  — 

—  -  i/l  3  -  d* 


3SOSnt,1S^snB»lt*IX  X  ^ 

»  o  X  x  —  m  £  x-»(nox— *^xx  x  — 

3T  Jl-S^C  Ci  XX 

3  o  -  fNjI  # 

a:* . . . .  ♦  * 


1  S  J>  X  r-  £  -t  ■ 


a.  jj  2  o  u-  z  *- 


2r<c-*o<uH-  —  >  —  »-  >. 


Figure  22-i -f:  Dermal  Application,  Incubation  with  Water,  Solvent 


%?74B  SOLVfNf 


© 


Figure  22-c-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX. 
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Y  i  p;urc*  2J  d  1-  Dc  rma  1  Application,  Incub.it  i  on  w  i  1 1  i  B-gl  ucnron  idase  ,  Solvent 
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Figure  22-e-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX. 
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Figure  22-i-l:  Oral  Treatment,  Ineubati.u  wiiii 
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Figure  22-f-IX:  Oral  Treatment,  Incubation  with  B-gl ucuronidase ,  Solvent  IX. 
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Figure  22-g-IX:  Dermal  Application,  Incubation  with  Water,  Solvent  IX. 
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Figure  22-h-l:  Dermal  Application,  Incubation  with  B-gl ucuronidase ,  Solvent 
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Figure  22-k-D  Oral  Treatment,  Incubation  with  Water,  Solvent 


sot  vtN  r 


► 


U 


O 

0* 


>a>cr*»aco"«<'’)'>»ciPCD>(Vftjo  «  i"*  tf> 


T 

X 

2 


^1  —  ina5N(yiTf,-«c-#f 
r^  +  *+  +  'Ci(\X>r~<D-*<'i 

®  r*l  <\l  -* 


•r  o  <7«  —  ® 

<#  in 

<Vl 


-e  to  o 
•o  tu 


u. 

X 


a  ,>  n^m  #  O  ^3  y  /I  *i  ®  ^  O  "J 

o  O  ^  IV  .V 


o  ®  m 
o  w  « 

o  «r  r- 


iT 


C 

Z 


iwtuwZ^ 


x«o—o<u^« >*-►->- 


I 


309 


Figure  22-k-IX:  Oral  Treatment,  Incubation  with  Water,  Solvent  IX. 
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Figure  23-a-l:  Male  Rats,  Oral  Treatment,  Solvent 
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Figure  23-a-IX:  Male  Rats,  Oral  Treatment,  Sflvent  IX 
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Figure  23-b-I:  Female  Rats,  Oral  Treatment,  Solvent 


Figure  23-c-l:  Male  Rats,  Dermal  Application,  Solvent 


Figure  23-c-IX:  Male  Rats,  Dermal  Application,  Solvent 
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Figure  23-d -I:  Female  Rats,  Dermal  Application,  Solvent  I 
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Figure  23-e-l:  Male  Rabbits,  Oral  Treatment,  Solvent 
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Figure  23-e-IX:  Male  Rabbits,  Oral  Treatment,  Solvent  IX 
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Figure  23-f-IX:  Male  Rabbits,  Dermal  Application,  Solvent 
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Figure  23-g-Ix:  Male  Dogs,  Oral  Treatment,  Solvent  IX 
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Figure  23-h-I:  Male  Dogs,  Dermal  Application,  Solvent 
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Figure  23-h-IX:  Male  Dogs,  Dermal  Application,  Solvent  IX 
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Figure  24-b-I:  Dog,  Oral  Treatment,  Ethyl  Acetate  Extract,  Incubation  With 
Water,  Solvent  I 
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Figure  24-b-IX:  Dog,  Oral  Treatment,  Ethyl  Acetate  Extract,  Incubation  With 
Water,  Solvent  IX 
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Figure  24-c-I:  Dog,  Oral  Treatment,  Ethyl  Acetate  Extract,  Incubation  With 
p-Glucuronidase ,  Solvent  1 
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rituiiMiM 


p-Glucuronidase ,  Solvent  IX 


•X^—  •»='*'—  -xx* 


^if  ^  JfCJOi'O  — >  X  O 


X  .  j-|  C  T  X  7  X  X.  IV.  X 
Z.  7^X7  *tT~-*<~ir'X(\: 

Z  t  —  —  X  — 


sx^X'*'C'*'X'nX',ixfnx^x  ox^ 
1  x  -^  •*;  s  —  ^  c  x  —  ^xx  —  oxx 

-t.  r  —  z  -i-  x  -c  t  r  —  x-^o  c  e  —  it 

-T  X  X  G  r*.  *-  B  J  ■»  Ifc  3  flj 

. .  ... 


4  •  4  o 

4  o  a  4 

4  4  4  4 

•  4  4  4 

4  4  4  4 

4  4  4  4 


4  4  4  9  4 
4  9  4  4  4 
4  9  4  9  4 
4  4  4  4  9 
4  4  9  4  4 
4  4  9  9  4 


4*99 
9  4  4  4 

0  4  0  9 

*  >  s  e 

9  9*4 

9  9  e  ■» 

9  9  4  9 

9  9  4  4 

4  9  9  9 

4  9  4  9 

9  9  4  3 

4  9  9  9 

4  3  9  9 

3  4  9  9 

4  3  9  9 

4  9  0  3 

9  4  9  9 

4**9 

3  3  3  9 

3  9  4  9 

4  9  9  3 

3  4  9  9 

9  9  9  U 

4  9  9  0 

3  0  4  9 

9  9  4  9 

9  4  0  9 

4  4  4  4 

9*49 
4  3  0  4 

>909 
0  9  4  4 

9  4  9  3 

0  4  4  4 

0  9  9  0 

0  4  4  * 

4  9  4  9 

4  9  4  4 


4  3  4  4 

9  3  9  9 

4  4  4  9 

•  3  *  4 

4  4  4  4 

*  4  4  4 


xr  t  —  x  r  -r  <v  —  a  7  x  1 

—  X  *  -t  ■*  t  4  ■*■*  *■**<*'*•< 

z 


X  -u  X  U  Ui  Z  •- 


i<c-c<uf> 


Figure  24-f-l:  Dog,  Dermal  Application,  Aqueous  Extract,  Solvent 
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Figure  24-f-IX:  Dog,  Dermal  Application,  Aqueous  Extract,  Solvent  IX 


24  HR  URINE 


Adjust  to  pH  7.0,  extract  with  ether  (3  x  100ml) 


A  j  (A  =  Aqueous)  E]  (E  -  Ether) 


95.4 


4.6 


Adjust  to  pH  2-3  (IN  HCI),  extract  with  ether  (3  x  100ml) 

f - - 1 

A2  E2 

47.9  47 . 5 


Adjust  to  pH  9-10  ON  NaOH), 
extract  with  ether  (3  x  lOCmi) 


*3  ^3 

46.5  1.4 


Extract  with  20°'o  HCI  (2  x  50ml) 

I - - - » 

a4  E4 

9.7  37.8 


Adjust  to  pH  9  (5N  NaOH), 
extract  with  ether  (2  x  50ml) 


7.9  1.8 


Extract  with  0.5  N 
NaOH  (2  x  50 ml) 


31.8  6.0 


Figure  25:  Fractionation  of  24-Hr  Urine  Obtained  from  Rats  Treated  Orally 
with  -^C-TNT.  Values  indicate  the  percentage  of  extractable  radio¬ 
activity  in  each  fraction. 
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Figure  26-E2'  Solvent 
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Figure  26-E 4-  Solvent  IX 
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Figure  26-E5!  Solvent 
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Figure  26-E5:  Solvent  IX 
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Figure  26-Eg:  Solvent 
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Figure  26-E^:  Solvent  IX 


24  HR  URINE 


Adjust  to  pH  7.0,  extract  with  ether  (3  x  100ml) 

r - 1 - 1 

A]  (A  =  Aqueous)  E^  (E  =  Ethe-) 

89.3  10.7 


Adjust  to  pH  2-3  (IN 

f - 

^2 

53.2 


HCI),  extract  with  ether  (3  x  100ml) 
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Adjust  ro  pH  9- 10  (IN  NaOH), 
extract  with  ether  (3  x  100ml) 


Extract  with  20%  HCI  (2  x  50mi) 
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Adjust  to  pH  9  (5N  NaOH), 
extract  with  ether  (2  x  50ml) 
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Extract  with  0. 5  N 


NaCH  (2  x  50ml) 


22.6  2.2 


Figure  27:  Fractionation  of  24-Hr  Urine  Obtained  from  Rats  Treated  Dermallv 
with  1^C-TNT.  Values  indicate  the  percentage  of  extractable  radio¬ 
activity  in  each  fraction. 
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Figure  28-E3:  Solvent 
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Figure  28-EtI  Solvent  IX 
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Figure  28-Ea:  Solvent  IX 
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Figure  28-E  :  Solvent 
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Figure  28-Ec:  Solvent  IX 
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Figure  28-E  :  Solvent 
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Figure  28-E,:  Solvent  IX 


24  HR  URINE 


I 

Adjust  to  pH  7.0,  extract  with  ether  (3  x  100ml) 

r~ - - 1 

A  j  (A  =  Aqueous)  Ej  (E  =  Erher) 

91.4  8.6 


Adjust  to  pH  2-3  (IN  HCI),  extract  wirh  ether  (3  x  100ml) 


40.1 


51.4 


Adjust  to  pH  9- 10  (IN  NaOH). 
extract  with  ether  (3  x  100ml) 


37.9 


EJ 

2.3 


Extract  with  20%  HCI  (2  x  50ml) 

I - 1 - 1 

A4  £4 

14.3  37.0 


Adjust  to  pH  9  (5N  NaOH). 
extract  with  ether  (2  x  50ml) 


8.1  6.2 


Extrcct  with  0.5  N 
NaOH  (2  x  50ml) 

I - 1 - 1 

26.8  10.2 


Figure  29:  Fractionation  of  24-Hr  Urine  Obtained  from  Mice  Treated  Orally 
with  ^C-TNT.  Values  indicate  the  percentage  of  extractable  radio¬ 
activity  in  each  fraction. 
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Figure  30-EjS  Solvent 
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Figure  30-Ep  Solvent  IX 
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Figure  30-E2t  Solvent 
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Figure  30-E2:  Solvent  IX 
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Figure  30-Et:  Solvent 
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Figure  30-Eg!  Solvent 


SOLVENT  9  NO  M6 


Figure  30-E6*  Solvent  IX 


24  HR  URINE 


I 

Adjust  to  pH  7.0,  extract  with  ether  (3  x  100ml) 


A  j  (A  =  Aqueous)  E]  (E  -  Ether) 


91.5 


8.5 


Adjust  to  pH  2-3  (IN  HCI),  extract  with  ether  (3  x  100ml) 

r - - 1 

A2  h 

53.1  38.5 


Adjust  to  pH  9- 10  (IN  NaOH), 
extract  with  ether  (3  x  100 ml) 


A3  h 

51.7  1.3 


Extract  with  20%  HCI  (2  x  50ml) 


11.8 


26.7 


Adjust  to  pH  9  (5N  NaOH), 
extract  with  ether  (2  x  50ml) 


Extract  with  0.5  N 
NcOH  (2  x  50ml) 


8.4  3.4  18.7  8.0 


Figure  31:  Fractionation  of  24-Hr  Urine  Obtained  from  Mice  Treated  Dermally 
with  ^C-TNT.  Values  indicate  the  percentage  of  extractable  radio¬ 
activity  in  each  fraction. 
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Figure  32-E, :  Solvent 
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Figure  32-Ei  :  Solvent  IX 
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Figure  32-E~:  Solvent  IX 
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Figure  32-E/i  Solvent  IX 
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Figure  32-Ec!  Solvent  IX 
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Figure  32-Efi:  Solvent 
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Figure  32-K^‘-  Solvent  TX 


24  HR  URINE 


I 

Adjust  to  pH  7.0,  extract  with  ether  (3  x  100ml) 

r - -*■ - 1 

A]  (A  =  Aqueous)  E]  (E- Ether) 

94.2  5.8 


Adjust  to  pH  2-3  (IN  HCI),  extract  with  ether  (3  x  100ml) 

r - - - 1 

A2  -2 

61.8  32.6 


Adjust  to  pH  9-10  (IN  NaOH), 
extract  with  ether  (3  x  100ml) 


59.1 


2.7 


r 

A4 


Extract  with  20%  HCI  (2  x  50 mi) 

_ I _ 


^4 


7.4 


24.6 


I  l 

Adjust  to  pH  9  (5N  NaOH),  Extract  with  0.5  N 

extract  with  ether  (2  x  50ml)  NaOH  (2  x  50ml) 


4.7  2.6 


16.7  15.1 


Figure  33:  Fractionation  of  24-Hr  Urine  Obtained  from  Rabbits  Treated  Orally 
with  ^C-TNT.  Values  indicate  the  percentage  of  extractable  radio¬ 
activity  in  each  fraction. 
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Figure  34-Ej :  Solvent 
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Figure  34-E-m  Solvent  IX 


IN  dA 10S 


Figure  34-E2:  Solvent  IX 
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Figure  34-Et-i  Solvent 


Figure  34-E,:  Solvent 
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Figure  14-F.,:  Solvent  IX 
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24  HR  URINE 
1 

Adjust  to  pH  7.0,  extract  wit*,  ether  (3  x 

_ | _ 

( 

A  j  ( A  =  Aqueous) 


100  ml) 

I 

El 


( E  =  Ether) 


93.3 


6.7 


Adjust  to  pH  2-3  (IN  HCI).  extract  with  ether  (3  x  1 00  ml) 

f - - 1 

Ao  Z') 

54.8  38.5 


Adiust  *o  pH  9-i0  (IN 

NaOH), 

! 

i 

extract  with  ether  (3  x 

I 

100  ml) 

Extract  with  20°o  HCI  (2  x  50ml) 
l 

1 

A  2 

i 

h 

i  - 

A4 

“1 

E4 

53.0 

1.8 

11.0 

27.5 

Adjust  to  pH  9  (5N  NaOH). 
extract  with  ether  (2  x  50mi) 

f _ 1 _ , 

I  I 

^5  E5 

7.7  3.2 


Extract  with  0.5  N 
NaOH  (2  x  50  ml) 

_ _ I _ 


16.  3 


— I 

NS 

11.3 


Figure  35:  Fractionation  of  24-Hr  Urine  Obtained  from  Rabbits  Treated  Dermallv 
with  l^C-TNT.  Values  indicate  the  percentage  of  extractable  radioactivity 
in  each  fraction. 
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Figure  36-E, :  Solvent  IX 
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Figure  36-E  :  Solvent 


SOLVENT  9  NO  R? 


c  o  o  ©  © 
©  e 


•h\ir>*<(Cirewaicffifo©\ 

*  '  •  •  . . .  •  •  • 

X  IlTO-o®rcsciT~ 

2b  if  t 


0:*^— .X  #  C3  r 


I 


e  »  <r  »*■  >f  ir  *  ^  nj  ••  o  9  s  n-  ^  if  xu“  ■#  r"»  f\.  —«  e>  ^  if  ♦  ^  fv  e 


& 


luwZ^ 


Figure  36-E9 :  Solvent  IX 
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Figure  36-Eoi  Solvent  IX 
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Figure  36-E4:  Solvent  IX 
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Figure  Solvent  IX 


24  HR  URINE 

I 

Adjust  to  pH  7.0,  extract  wirh  ether  (3  x  1 00 m I ) 

i 

I - 1 


A  i  ( A  =  Aqueous) 

88.9 


E  |  (  E  =  Erher) 

]  1 .0 


Adjust  to  dH  2-3  (IN  HCI).  extract  with  ether  (3  x  lCOml) 

r - 1 - 1 

50.3  38.6 


1 

Adjust  fo  oH  9-10  (IN 

NaOH). 

extract  with  ether  (3  x 

1  . 

100ml) 

Extract  with  20°: 

:  HCi  (2  x  50ml) 

L 

i 

^3 

1 

£_3 

r~ 

A4 

i 

-4 

47.7 

2.6 

11.2 

27.5 

Adjust  to  pH  9  (5N  NaOH), 
extract  with  ether  (2  x  50 mi) 


Extract  with  0.5  N 
NaCH  (2  x  50ml) 


6.6  4.6  20.8  6.7 


Figure  37:  Fractionation  of  24-Hr  Urine  Obtained  from  Dogs  Treated  Orally 
with  14C-TNT.  Values  indicate  the  percentage  of  extractable  radio¬ 
activity  in  each  fraction. 
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Figure  38-Ei2  Solvent 
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Figure  38-E]/-  Solvent  IX 
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Figure  38-E2:  Solvent 
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Figure  38-E2:  Solvent  IX 
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Figure  38-E^ •  Solvent  IX 
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Figure  38-E4:  Solvent  IX 
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Figure  38-E^'  Solvent 


Figure  38-E55  Solvent  IX 
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Figure  38-E6:  Solvent 
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Figure  38-E6'  Solvent  IX 


24  HR  URiNE 

I 

Adjust  to  pH  7.0,  extract  with  ether  (3  x  100  ml) 


I 

A  |  { A  =  Aqueous) 

83.9 


— I 

E  j  ( E  =  Ether) 
16.1 


Adjust  to  pH  2-3  (IN  HCI),  extract  with  ether  (3  x  100ml) 

f - - 1 

Aa  Eo 

61.1  22.8 


Adjust  to  oH  9-10  (IN  NaOh), 
extract  with  ether  (3  x  1 00  mi ) 


59.2  1.9 


Extract  with  20E;  mCl  (2  x  50ml) 


5.1  17.7 


Adjust  to  dH  9  (5N  NaOH).  Extract  wirh  0.5  N 

extract  wirh  ether  (2  x  50ml)  NaOH  (2  x  50ml) 


3.9  1.3 


13.3  4.4 


Figure  39:  Fractionation  of  24— Hr  lirine  from  Dogs  Treated  Dermally  wit'll  l^C-TNT. 
Values  indicate  the  percentage  of  extractable  radioactivity  in  each 
f  raction. 
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Figure  40-E-p  Solvent 
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Figure  4O-E3:  Solvent  IX 
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Figure  40-E4:  Solvent  IX 
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Figure  40-Eg:  Solvent  IX 
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Figure  42  -  HPLC  of  Rat  Urine  Obtained  After  Oral  Administration  of  l^C-TNT.  Urine  was  treated 
with  p- glucuronidase  for  24  hr  at  37°  in  the  presence  of  acetate  buffer  (pH  5.0). 
Volume  of  urine  injected  was  25  U1  and  0.8  ml  fractions  were  collected. 
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injected  was  20  HI  and  0.4  ml  fractions 
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